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Unreinforced masonry (URM) structures represent a significant portion of the residential 
building stock of the Central and Eastern United States (CEUSA), accounting for 15% of homes 
in the 8-state region impacted by the New-Madrid Seismic Zone and an even greater portion of 
the building stock in most other regions of the world. In addition to significant population, the 
brittle nature of URM buildings further supports a thorough consideration of seismic response 
given the susceptibility to severe failure modes. Currently, there is a pressing need for 
analytically based fragility curves for URM buildings. In order to improve the estimation of 
damage state probabilities through the development of simulation-based masonry fragilities, an 
extensive literature survey is conducted on pushover analysis of URM structures. Using this data, 
capacity diagrams are generated, from which damage exceedance limit states are defined. 
Demand is simulated using synthetically derived accelerograms representative of the CEUSA. 
Structural response is evaluated using an advanced capacity spectrum method developed at the 
Mid-America Earthquake Center. Capacity, demand, and response are thus derived analytically 
and response data is used to generate an improved and uniform set of fragility curves for use in 
loss-assessment software via a framework amenable to rapid expansion of pushover database and 
variation of ground motion records. A set of best practices is hereby developed for selection and 
use of experimental and analytical data, input ground motions, analysis of structural capacity, 
limit state definitions, seismic design categories, and probabilistic analysis methods. Curves are 
expressed in multiple forms for wide range of use in loss-assessment applications. Results are 
discussed and compared with other relationships developed in the literature, along with those 
generated using HAZUS opinion-based capacity data. The parameters of the improved fragility 
relationships developed and presented in this thesis are provided and suggested for reliable use in 
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Earthquakes pose one of the greatest threats and challenges to mankind in their potential to cause 
great devastation in terms of loss of life and livelihood to communities, regions, and entire 
countries. The threat has been well perceived throughout history, calling for an even more 
thorough investigation of historically seismic regions, especially in light of increasing 
populations and urban development. Earthquakes rank second historically in the cause of human 
fatalities resulting from natural disasters, surpassed only by floods, having claimed the lives of 
approximately 9 million individuals over the past 2,000 years. Fatalities are likely to rise with 
increasing population and urbanization, particularly in developing countries. It is estimated that 
half of the world’s population lives in urban areas (United Nations, 2001) and that half of these 
urban centers are located in earthquake-prone regions (Bilham, 2004). With the knowledge that 
75% of earthquake-related casualties are caused by the collapse of buildings or structures 
(Coburn and Spence, 2002), it is sobering to realize that a large portion of the global population 
resides in poorly constructed and non-engineered buildings that are susceptible to collapse. 
 
In the past decade, nearly 60% of all people killed by disasters died due to earthquakes (Center 
for Research on Epidemiology of Disasters (CRED) with the United Nations International 
Strategy for Disaster Reduction (UNISDR, 2009) where the annual averages were in excess of 
50,000 deaths (including tsunami effects) and up to $100 billion US. The importance of 
understanding vulnerability of structural systems is also underscored by recent events such as the 
earthquakes of Bam, Iran (2003), Sumatra, Indonesia (2004), Kashmir, Pakistan (2005), Jakarta, 
Indonesia (2006), Sichuan, China (2008), Port-au-Prince, Haiti (2010), and Maule, Chile (2010). 
The devastation caused by these events highlights the poor performance of many building stocks 
subjected to large earthquakes. This major societal concern indicates the importance of 
improving the capabilities of researchers to estimate the impact of future events, and suggest 




The New Madrid Seismic Zone (NMSZ) is a significant seismic zone located in the Central 
Eastern United States (CEUS). The zone is composed of three parallel fault segments stretching 
to the southwest from New Madrid, Missouri. In 1811 and 1812 there occurred a series of 
powerful earthquakes estimated to have exceeded magnitude 8.0. The earthquake that occurred 
on February 7, 1812 is believed to have been the largest ever recorded in the contiguous United 
States. As a result of the soil profile of the CEUS, earthquakes attenuate at a very slow rate. This 
is why the earthquakes of 1811 and 1812 were reportedly felt as far away as Boston, 
Massachusetts, a distance of almost 1,200 miles from the source. Fortunately, the area closest to 
the NMSZ was only sparsely populated at the time of these historic seismic events. The only 
significant population center was St. Louis, Missouri, which reported substantial damage and 
collapse to most homes and businesses, built primarily of wood at the time. Apart from the 
impact on building stock at the time, significant ground failure was reported, including 
landslides, and large areas of depression and uplift. Geologists estimate that the NMSZ has the 
capability of producing earthquakes with massive destructive capability every 300-500 years. In 
the past 20 years, thousands of smaller earthquakes have been recorded in the region, making it 
clearly evident that the NMSZ still remains active. The region clearly poses a low probability, 
high consequence risk scenario. 
 
There is a much larger population and building stock that would be at risk if an event of the same 
magnitude as those seen in the early 19th century were to occur today. The urban center of St. 
Louis has grown and sprawled out, and consists of many brittle masonry buildings built by code 
requirement after the St. Louis fire of 1849. In addition to St. Louis, the city of Memphis, 
Tennessee has developed significantly since that time, with the population of the greater 
Memphis metropolitan area currently exceeding 1.3 million. In addition, Memphis is home to the 
world’s busiest cargo airport, the Memphis International Airport, which sees a transfer of around 
3.7 million metric tonnes of cargo annually. The present day population of the 8-state NMSZ 
region that could be potentially affected by a large seismic event is approximately 45 million, 
with a significant portion of that population at risk due to building damage, damage to 
infrastructure, and loss of electricity and water due to structural failure of utility networks. A 
hazard map provided by the USGS for the scenario event used as a part of the New Madrid 
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Seismic Zone Catastrophic Earthquake Response Planning project is provided in Figure 1.1 to 
illustrate the potentially affected region in a magnitude Mw 7.7 event. This specific hazard map 
was used in the MAEC report on the Impact of New Madrid Seismic Zone Earthquakes on the 
Central USA (Elnashai et al., 2009) 
 
 
Figure 1.1 Peak Ground Acceleration Hazard Map for NMSZ Scenario Event 
 
The main purpose of the Mid-America Earthquake Center is to minimize the consequences of 
future seismic disasters for vulnerable populations living in regions including, but not limited to, 
the CEUS. The MAE Center has developed and employs the method of consequence-based risk 
management (CRM) as a means of handling impact assessment, mitigation, response, and 
recovery. CRM allows researchers to estimate the possible consequences of earthquakes by 
performing loss assessment studies for different regions and cities around the world, including 
those in the CEUS. Seismic consequences include fatalities, injuries, loss of infrastructure and 
homes, damage and loss of functionality to lifeline systems, emergency response facilities, 
hospitals, and earthquake induced hazards such as soil liquefaction, landslides, fire, and 
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hazardous material leakage, along with resulting statistics for homelessness and loss of basic 





The three components of these loss assessment studies, as diagrammed in Figure 1.2, are hazard, 
inventory, and vulnerability. Hazard is the event that threatens to cause the consequences listed 
above, and is best described as ground shaking in the case of earthquake loss assessment. Hazard 
can be classified as being probabilistic or deterministic, which can be determined by an 
assessment of the event that is expected to occur in the region or city being studied. Inventory is 
the data necessary to characterize the infrastructure of the region, and includes primarily building 
type, design level, and quantity. Vulnerability, or fragility, links the first two components by 
determining the probability that a certain hazard will exceed specific damage limit states of the 
building inventory considered. This component couples the hazard and inventory, and outputs 
the consequences such as fatalities and economic losses that are expected to result from the 
building stock experiencing the various proposed levels of structural damage. These initial 
consequences are then used to model the social and economic consequences of the event based 
on these levels of physical damage. 
 
It is this final component of loss assessment, fragility relationship, which is addressed in this 
study. A framework for relating ground motion intensity to the probability of reaching discrete 
structural damage levels is proposed as a method of improved fragility analysis, focusing on 
unreinforced masonry buildings. This study of building fragilities can be subdivided into four 
parts: building capacity, seismic demand, methodology for structural assessment, and 
methodology for fragility curve generation. These topics constitute the structure of the report. 
 
Loss Assessment 
Earthquake Hazard Building Inventory Vulnerability 
Relationships 
Figure 1.2  Components Necessary for Performing Loss Assessment
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1.2. DEFINITION OF THE PROBLEM 
 
It is the objective of this study to employ a new framework for developing URM building 
fragility relationships for use in seismic loss assessment studies.  Currently, there is a pressing 
need for analytically based fragility curves for URM buildings. Many current software packages 
perform loss assessments that utilize fragility relationships solely based on expert-opinion. The 
vulnerability relationships are not rooted in simulation, either experimental or analytical. There is 
a concern over whether such relationships are capable of capturing the true performance of 
structures subjected to seismic events. 
 
Uncertainties and errors in fragility relationships are the result of inaccuracies and variability 
within the two constituents used to develop them, namely building inventory and seismic hazard. 
Therefore, the accuracy of the fragility curves depends in part on making the best possible 
assessment of the true capacity of the buildings examined.  It is also of critical importance that 
the buildings being assessed are accurate representations of the inventory of the region for which 
the loss assessment is being performed. Variability in ground motion representation will 
introduce even larger levels of uncertainty into the fragility analysis than capacity and modeling 
techniques. It is therefore critical to the accuracy of the loss-assessment that the outcome of the 
fragility analysis is based on selection of appropriate ground motion records. The more precisely 
that the set of records can match the expected event, the more reliable the resulting analysis and 
assessment will be. Considerations made concerning the prevalence and vulnerability of 
unreinforced masonry (URM) building typology and the absence of natural ground motion 
records representing hazard of the NMSZ are discussed in the following sections. 
 
1.2.1. Summary of Building Stock 
 
There are 36 buildings types classified by the National Earthquake Hazards Reduction Program 
(NEHRP, 1998), which include wood, steel, concrete, and masonry structures with various 
structural configurations, in addition to mobile homes. These classifications cover the vast 
majority of the building stock in the CEUS and elsewhere, and are adopted by HAZUS. Special 
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focus in this study is placed on URM building typology due to the specific concerns of 
significant residential building stock both in the CEUS and globally, along with the well known 
susceptibility to brittle and severe failure modes under seismic demands. The building category 
is also particularly significant from a perspective of performance based design.  
 
Unreinforced masonry (URM) structures represent a significant portion of the residential 
building stock of the Central and Eastern United States, accounting for 15% of homes in the 8-
state region impacted by the New-Madrid Seismic Zone (NMSZ). Of specific societal concern 
are a significant number of century-old homes in the older residential areas of the cities of St. 
Louis, MO and Memphis, TN. These buildings include structural elements that vary depending 
predominantly on age and to a lesser extent on geography. A description of the varying structural 
configurations and detailing of these buildings is provided in Chapter 5 of the HAZUS User’s 
Technical Manual on FEMA Loss Estimation Methodology (National Institute of Building 
Sciences, 2003), a summary of which is provided below. 
 
In buildings built before 1900, the majority of the floor and roof construction is composed of 
wood sheathing supported by wood framing. In large multistory buildings, the floors are cast-in-
place concrete supported by the unreinforced masonry bearing walls. In unreinforced masonry 
construction occurring outside of California and after 1950, wood floors usually have plywood in 
place of wood sheathing.  In regions considered to have lower seismicity, more recent 
construction may include floor and roof framing consisting of a metal deck and concrete fill 
supported by steel framing elements where the perimeter and interior walls are unreinforced 
masonry. The walls may or may not necessarily be anchored to the diaphragms. Ties between the 
walls and diaphragms are more common for bearing walls than for walls that are parallel to the 
floor framing. Roof ties are even less common and may be erratically spaced when compared to 
those at floor levels. Interior partitions that interconnect the floors and roof may reduce the 
displacement of the diaphragm. 
 
In addition to significant population, the brittle nature of URM buildings further supports a 
thorough consideration of seismic response given the susceptibility to severe failure modes. A 
brief survey of the most lethal earthquakes since 1960 was conducted by Spence (2007) and 
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confirmed that building collapses remain the major cause of earthquake mortality, and that URM 
buildings are one of the most vulnerable building typologies in the world. It is evident from large 
deadly historical events that the distribution of vulnerable structures and their occupancy status 
during an earthquake controls the extent of losses.  
 
An example of this conclusion can be observed by examining the casualties experienced in 
California compared to Iran for a comparable number of strong earthquakes. The relatively low 
casualties experienced in California is attributed mainly to the fact that the building stock is in 
excess of 90% wood construction designed to withstand moderate to severe shaking (Kircher et 
al. 2006). In contrast, the building stock of Iran is composed of 80% adobe and non-engineered 
unreinforced masonry buildings which contributed to the heavy death toll of the 2003 Bam, Iran 
earthquake which claimed 31,828 lives (Ghafory-Ashtiany and Mousavi, 2005).  
 
Numerous additional studies have revealed that the death toll of several other notable 
earthquakes is largely dependent on non-engineered masonry buildings which perform poorly 
even under moderate ground shaking. This is evidenced by the performance of weaker masonry 
construction designed solely for gravity loads in the 2001 Bhuj, India event (Madabhushi and 
Haigh, 2005) and the 2007 Peru earthquake (Taucer et al. 2007). In the spirit of this concept, a 
brief account of the percentage of building stock that is composed of unreinforced adobe, block 
masonry, and brick masonry construction for a variety of countries throughout the world is 
provided below. The sources and vintage of the inventory from which this data is collected are 
shown in Table 1.1. Much of the information was originally documented in the report prepared 
by Wald et al. (2006) for the U.S. Geological Survey’s (USGS) Prompt Assessment of Global 
Earthquakes for Response (PAGER) effort to create a global building inventory. A map of the 
geographical locations covered by the database created through this effort is shown in Figure 1.3, 













Algeria  1983  Petrovski (1983)  15.0 
Australia  2000  Census of Population and Housing  52.9 
El Salvador  1990  Census of Population and Housing  48.0 
Indonesia  2001  Census of Population and Housing  60.0 
Iran  2005  Ghafory‐Ashtiany and Mousavi (2005)  56.7 
Iraq  1983  Petrovski (1983)  80.0 
Italy  2006  Dolce, Kappos et al. (2006)  62.2 
Jordan  1983  Petrovski (1983)  70.0 
Mexico  2000  Housing Study Report  75.7 
New Zealand  1998  Dowrick (1998)  7.0 
Pakistan  1998  Pakistan Population Census Organization  93.0 
Peru  2007  UN‐HABITAT (2007)  73.2 
Philippines  2000  Housing Census  30.8 
Sudan  1983  Petrovski (1983)  80.0 
Syria  1983  Petrovski (1983)  60.0 
Turkey  2002  Bommer, Spence et al. (2002)  47.1 









    
Though the specific focus of this study is placed on the performance of residential URM 
buildings in the CEUS under shaking produced by a New Madrid event, it is important to 
consider the global unreinforced masonry population. Given the poor performance of this 
building class, future studies using the methodology proposed in this paper may be applied to 
regions of the world with even more significant URM inventory. It will be necessary for this 
future work to be capable of adequately representing the building stock of developing countries 
with various levels of construction practices. 
 
1.2.2. Summary of Earthquake Records 
 
The New Madrid Seismic Zone (NMSZ) has been introduced as a low-probability and high-
consequence scenario that produced large historic earthquakes in 1811-1812. Therefore, although 
posing a significant threat to the building infrastructure of the region, there are no strong motion 
records available for this source. In the absence of these natural records from a large event, 
synthetically derived accelerograms (Fernandez, 2007) are employed to depict the characteristics 
of the tectonic environment of the CEUS. Among other characteristics, this includes most 
predominantly the significantly low attenuation rates present in the soil of the Upper Mississippi 
Embayment. Due to the regionally specific characterizations of these synthetic time histories, the 
fragility relationships generated for this study are recommended for use in earthquake loss 
assessments for regions within the CEUS. These fragilities are derived from pushover analysis 
data available in literature, and will be applied in HAZUS for improvement to the loss 
assessment model for this type of building classification. However, the methodology and 
framework of this study may be applied to any set of available ground motions or differently 






1.3. OBJECTIVES AND SCOPE 
 
The goal of this study is to improve the estimation of damage state probabilities through the 
development of simulation-based masonry fragilities. Components of the overall framework 
were originally introduced by Gencturk (2007) and applied to timber buildings with notes on 
other building categories. It is the objective of this study to provide a methodology and set of 
best practices for each step in the procedure, including selection and use of experimental and 
analytical data, input ground motions, analysis of structural capacity, limit state definitions, 
seismic design categories, and probabilistic analysis. A framework is therefore developed that 
can be applied to any building system for any set of earthquake hazards in the world. The 
following summary explains the topics covered in each chapter of the thesis, where reference can 
be made to Figure 1.4 which provides a general flowchart of the fragility curve development. 
 
First, an extensive literature review is performed in Chapter 2 for previous studies on loss 
assessment and fragility curve generation to develop vulnerability relationships for use in this 
type of study. The components of fragility curve generation are then discussed, including 
different methods for the modeling of building capacities, representation of seismic demand, and 
statistical evaluation of response data as they relate to the corresponding aspects of this study. 
 
Following this literature review, Chapter 3 proposes a method for representing the capacity of 
buildings in the CEUS. Capacity is the first component of input necessary for fragility analysis. 
Sources from the literature that are reflective of the URM buildings located in this region are 
compiled into a database. An advanced method of analysis is then used to define the capacity of 
the buildings considered in specific format for later use in the study. 
 
In Chapter 4, the second component of fragility analysis is defined. This is the demand imposed 
on the building stock by the earthquake, which is represented by synthetically generated time 
histories that account for the attenuation relationships specific to the CEUS. These ground 
motion time histories are also capable of reflecting source distance, depth, site condition, type of 
fault rupture, and other useful parameters, allowing for an accurate representation of earthquake 




These building capacities and seismic demand parameters become the input for the structural 
assessment of the buildings described in Chapter 5. The accuracy of the components discussed 
and developed in the previous two chapters will significantly control the error introduced into the 
loss assessment due to simplifications and assumptions. Several versions of the Capacity 
Spectrum Method (CSM) are assessed for analyzing the effects of the earthquake on the 
buildings representative of the inventory. An advanced CSM method developed at the MAE 
Center is selected to produce seismic response data. 
 
This data from Chapter 5 is used to generate fragility curves by the statistical and probabilistic 
methods described in Chapter 6.  Curves are generated in two formats, namely conventional and 
HAZUS-compatible. Conventional fragility relationships relate probability of exceedance to 
varying levels of ground motion intensity, while HAZUS-compatible fragility relationships plot 
the exceedance probabilities against structural response in terms of spectral parameters. 
 
The full set of resulting simulation-based fragility relationships in both formats are presented in 
Chapter 7, along with other results noted in this study. Comparisons are made to fragility curves 
from other sources available in the literature, along with those generated using HAZUS-defined 
capacity data for target building stock. Conclusions from the study are then drawn and 





Figure 1.4 Flow Chart of Fragility Curve Generation Methodology 
 
 
In summary, an extensive literature survey is conducted on pushover analysis of URM structures. 
Using this data, capacity curves are generated, from which damage exceedance limit states are 
defined. Demand is simulated using synthetically derived accelerograms representative of the 
Central USA. Structural response is evaluated using an advanced capacity spectrum method 
developed in the Mid-America Earthquake Center. Capacity, demand, and response are thus 
derived analytically and used to generate an improved and uniform set of fragility curves for use 
in loss-assessment software. The framework developed for rigorous selection of supply and 
demand data can be coupled with the methodology of structural assessment and probabilistic 
analysis of response data to generate fragility curves for any building typology subjected to any 
set of earthquake hazards in the world. 
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CHAPTER 2: LITERATURE REVIEW 
 
This chapter contains a summary of previous studies on loss assessment and fragility curve 
generation methods for developing vulnerability relationships of similar format and purpose as 
those developed in this study. The components of fragility curve generation are then discussed. 
Methods currently available for the modeling of building capacities, representation of seismic 
demand, structural assessment, and statistical evaluation of response data are mentioned as they 
relate to the corresponding aspects of this study. 
 
2.1. LOSS ASSESSMENT STUDIES 
 
In response to the increase in vulnerability of communities at risk from major seismic events, 
along with a heightened public awareness of this risk, many earthquake loss assessment studies 
have been performed for various seismic regions throughout the world. These studies have been 
performed to provide information to emergency response planners and government authorities to 
prepare for the effects of specific seismic scenarios. The three components inherent to each of 
these studies, and accounted for in a variety of ways, are earthquake hazard, inventory of 
infrastructure, and vulnerability relationships to assess the impact of the first component upon 
the second.  A summary of selected studies of interest are provided below in chronological order. 
 
The Earthquake Planning Scenario for a Magnitude 8.3 Earthquake on the San Andreas Fault in 
the San Francisco Bay Area prepared by Davis et al. (1982) for the Governor’s Emergency Task 
Force on Earthquake Preparedness was one of the earliest loss assessment studies investigating 
the potential effect of an earthquake on a particular community. It was recognized that 
emergency response plans must reflect the anticipated consequences of such an event, and that if 
a standard scientific approach and methodology are applied using different events or areas, that 
distinctions in regional consequences can be identified. Two scenarios were considered, using 
events similar in size and location to the 1857 Fort Tejon earthquake in Southern California and 
the 1906 San Francisco earthquake in Northern California. These events on different locations of 
the San Andreas Fault yielded results concerning the interruption of ground transportation, 
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communications, water supply, sewage treatment, electricity, and pipeline distribution of natural 
gas and petroleum. These results indicated that the existing emergency response capabilities 
would be taxed beyond their limits, and further work was recommended to enable emergency 
planning efforts. 
 
While these two scenarios on the northern and southern sections of the San Andreas fault were 
successful in providing information for basic emergency planning efforts, it was apparent that 
similar analyses were needed for other faults in metropolitan areas susceptible to earthquakes of 
equivalent or even greater levels of damage.  An Earthquake Planning Scenario for a Magnitude 
7.5 Earthquake on the Hayward Fault was prepared by Steinbrugge et al. (1987), which 
considered the effects of a M 7.0 earthquake on the Newport-Inglewood fault in southern 
California in the San Diego Tijuana area, and a M 7.5 earthquake on the Hayward fault in the 
San Francisco Bay Area. The scenario estimated fatalities ranging from 1,400-1,500 for the 7.5 
magnitude scenario. EERI (1996) later employed the same procedure with a M 7.0 scenario that 
estimated losses of up to $4 billion. This work was important in that it provided both information 
on transportation and utility networks, along with the potential effect on critical structures such 
as hospitals and schools. 
 
Some time between the late 1990s and early 2000s, HAZUS became the preferred choice among 
analytical tools used in the United States to estimate seismic losses. Several studies were 
conducted throughout the US at different levels and details. One early example includes a 
seismic loss assessment of Memphis, TN by Shinozuka et al. (1997) which examined the 
potential loss of buildings and damage to the Memphis light, gas, and water division (MLGW). 
The use of HAZUS is noted due to its use in loss assessment studies performed by the Federal 
Emergency Management Agency (FEMA) 
 
The first seismic loss assessment study conducted at the state level using HAZUS was performed 
for the state of Oregon by Wang (1999). Two earthquake scenarios were utilized to predict the 
effects on building damage along with social and economic losses. One of the events was an 
event originating from the Cascadian subduction zone off of the coast of Oregon, while the other 




A study on the potential impact of four separate earthquake scenarios along the southeastern 
coast of the United States was also performed using the loss assessment software package 
HAZUS. The Comprehensive Seismic Risk and Vulnerability Study for the State of South 
Carolina (URS Corporation et al. 2001) estimated potential losses for three scenarios in 
Charleston, SC and one in Columbia, SC. Conclusions were drawn and results were given in 
terms of economic losses, casualties, fatalities, and displaced persons in need of shelter. The 
daytime event with moment magnitude 7.3 yields the following impact: $20 billion economic 
losses, 45,000 casualties with 900 fatalities, and 60,000 people in need of shelter. These results 
were used by the State of South Carolina in preparing effective disaster response plans for 
potential future seismic events. 
 
A similar study for the northeastern coast of the United States was performed by the New York 
City Area Consortium for Earthquake Loss Mitigation (Tantala et al., 1999-2003). The risk and 
loss estimation model used HAZUS to run three earthquake scenarios for the tri-state 
metropolitan region including portions of New York, New Jersey and Connecticut. The three 
scenarios studied are of magnitudes 5.0, 6.0, and 7.0 events applied at the location of the 1884 
New York City Earthquake (M5.2). The soil site properties of the region were included in the 
analysis, and a detailed building inventory was used in the scenarios. Results for the magnitude 
6.0 event include in excess of 1,000 fatalities, 2,000 hospitalizations, and $40 billion in total 
economic losses. 
 
HAZUS is also utilized to perform a loss assessment study for a M 6.7 event on the Seattle Fault 
and its effects on the communities of the Central Puget Sound region (Washington Military 
Department, 2005).  Special focus of the study was placed on classifying soil sites and 
characterizing ground motion effects. Information on ground failure hazards such as liquefaction, 
landslides, and surface fault rupture are added into the software. Soil data and shaking maps are 
also included in the assessment. Predicted losses for the event include in excess of 1,600 deaths, 




A comprehensive seismic risk assessment, response and recovery plan for the NMSZ (Cleveland, 
2006) is conducted at the MAE Center for the eight state region in the CEUS including Alabama, 
Arkansas, Illinois, Indiana, Kentucky, Mississippi, Missouri, and Tennessee. HAZUS is used to 
perform two levels of analysis. In the first level, improvements are made to soil maps and the 
default inventory data of the HAZUS software is utilized. In the second level of analysis, 
improvements on hazards are made, with a focus placed on site characteristics, ground motion 
attenuations, and an updated and improved inventory. In all cases, structural and non-structural 
damage to the local building stock, along with structural damage to essential facilities, utilities, 
and transportation networks are evaluated and used to determine direct social and economic 
losses. 
 
Following the significant Izmit and Kocaeli earthquakes of 1999 in Turkey, several seismic loss 
assessment studies were performed for the city of Istanbul. Alarming estimates that predict the 
exposure of the region to another significant earthquake in the next 25-30 years encouraged the 
re-examination of these studies with updates to correct for loss of accuracy as a result of rapid 
changes in the vulnerable inventory of the city. A Loss Assessment Study for the Zeytinburnu 
District of Istanbul Using Maeviz-Istanbul (HAZTURK) by Karaman et al. (2008) introduces a 
system that can readily reanalyze earthquake scenarios with updates in inventory. The loss 
assessment analysis provides estimates for building damage, retrofit cost, economic loss, fiscal 
impact, and cost-benefit analysis. The results are presented using a unique rapid visualization 
tool for screening of buildings, and are compared to the results from previous studies. 
 
The most recent and updated earthquake impact assessment of the NMSZ is performed for 
FEMA and its associates to educate and prepare the general population on the potential effects of 
a 7.7 magnitude repetition of the 1811-1812 earthquake series affecting the 8-state region of the 
CEUS (Como, 2009). The analytical analysis is executed in HAZUS-MH developed for FEMA 
(National Institute of Building Sciences, 2003). Hazard improvements include complete 
liquefaction and shaking maps along with secondary effects of flooding due to dam failure. 
Multiple inventory datasets are incorporated and added to the existing default assets. The study is 
also unique in that it is the first of its type of HAZUS assessment to apply improved fragility 
functions for some buildings and bridges that were developed using an advanced methodology 
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based on inelastic response. Damage criteria were developed to determine critically affected 
counties, and damage to essential facilities such as hospitals and schools, along with 
transportation and utility functionality, were assessed. Catastrophic consequences were reported 
for over 700,000 damaged buildings in 140 impacted counties, resulting in nearly 86,000 
casualties and approximately $300 billion in direct economic losses. 
 
There is not enough room in this study to discuss all of the available and pertinent seismic loss 
assessment studies in the literature. However, similar studies to those listed above have been 
performed for other cities throughout the world, including Lisbon, Portugal (D’Ayala et al., 
1997; Ramos and Lourenco, 2004), Basel, Switzerland (Fah et al., 2001), Istanbul, Turkey (Erdik 
et al., 2003), Potenza, Italy (Dolce et al., 2006), San Francisco, USA (Kircher et al., 2006) and 
many others of various size and scope. 
 
2.2. FRAGILITY RELATIONSHIPS 
 
Fragility relationships are an essential component of earthquake loss assessment. They are the 
component that links the hazard and inventory of a particular loss assessment study, providing 
the probability that a certain hazard will exceed specific damage limit states of the building 
inventory of the region. Fragility curves of various types with unique parameters can be used for 
this purpose. These are derived from different methods and can be subdivided into three main 
categories: empirical(observational), judgmental, and analytical(simulation-based). Empirical 
curves are the result of data collected on the damage to the building stock during surveys that 
follow seismic events, while judgmental curves are based on the opinion of experts in the field of 
earthquake engineering, and analytical curves are based on statistical data obtained from 
experimental testing or analytical simulation. Fragility methods may also employ a hybrid 
methodology resulting from a combination of any two or all three of the above categories. 
 
Empirical fragility curves based off of observational data can be considered very realistic due to 
the fact that many of the characteristics of the inventory are accounted for, including topography, 
site effects, source characteristics, along with the effects of soil-structure interaction. However, 
despite the ability to capture these details, a post-earthquake survey is still unable to provide 
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information on building materials and seismic design provisions. In addition, observational data 
is generally only collected in a sparse fashion or in areas of lower or moderate levels of shaking 
(Orsini, 1999). Given this fact, it is necessary to combine earthquake damage data from a variety 
of sources from around the world. This would allow for a wider range of application to be 
possible, thus reducing the uncertainty associated with the derivation of the fragility curves. 
 
A study of this type was performed by Spence et al. (1992) in an effort that combined data from 
different earthquakes throughout the world.  Even then, the available post-event data is scarce 
and the procedure would require information on structures with similar damage limit states for 
different levels of ground shaking. This renders the option incapable of deriving fragility 
relationships from building populations that include different compositions. Finally, the 
vulnerability of buildings with materials and structural configurations not present in the database 
cannot be generated, thus outweighing the otherwise possible benefits of fragility curves 
developed from observational data. 
 
Judgmental fragility curves for various sets of buildings are based on the opinions of experts 
within the field of earthquake engineering. Professionals are asked to determine an appropriate 
set of damage distributions as a function of earthquake intensity. While there is no shortage of 
this type of data, the level of uncertainty involved in this method is considerable, due to differing 
opinions held regarding the response of each structural type, even among the experts in the field. 
In many cases, while the fragility curves in literature may not be purely based on expert opinion, 
there is a component of judgment based methodology that enters into the data. For example, 
although HAZUS does not have judgmental based fragility curve parameters and procedures, the 
fragility curves utilized in the program are derived from building capacity diagrams that are 
determined based on judgment. The vulnerability curves and damage probability matrices found 
in ATC-13 (1985) and ATC-40 (1996) also contain a certain degree of judgment based 
components. In general, the reliability of methods based heavily in expert opinion are 
questionable due to the lack of scientific basis in the predictions, inability to consult expert 
opinion in areas where there is limited experience, and the difficulty of obtaining an 





The development of simulation-based vulnerability relations is based on statistical data obtained 
from the structural assessment of models for the building stock in question. Simulation is 
performed for varying levels of ground motion intensity, which results in an increase of 
reliability in comparison to judgment based methods, due to reducing much of the bias in the 
data. The simulation of the models may be either an analytical or experimental analysis. 
Analytical fragility relationships are becoming more widely used due to advances in modern 
computational abilities, thus reducing computational costs and allowing for the introduction of 
more complex features in the models. However, there are obvious shortcomings to analytical 
simulation, including modeling of complex loading interactions, highly nonlinear behavior, post-
peak behavior, and soil-structure interaction. Generally, thorough verification of analytical 
models using experimental data is needed for validation.  Significant research has been 
performed on the derivation of fragility relationships using simulation and analytical models. 
Singhal and Kiremidjian (1997) and Erberik and Elnashai (2004) utilize 3D analytical models, 
while simplified approaches such as inelastic analysis of equivalent single-degree-of-freedom 
systems is also presented in Jeong and Elnashai (2007). 
 
Hybrid fragility relationships may combine any or all of the three alternatives described above in 
an attempt to overcome the various deficiencies while maximizing the respective utility of each 
method.  For example, the subjectivity of opinion-based methods can be supplemented with 
observational data or verified through analytical modeling. One case in which observational data 
was utilized in this fashion is for the relationships in ATC-13 (1985) and ATC-40 (1996), for 
which the relationships are heavily dependent on expert opinion, but data from the 1971 San 
Fernando and 1994 Northridge Earthquake is used to a limited extent. 
 
The fragility curves utilized by HAZUS, as previously mentioned, adopt opinion-based building 
capacity estimates, along with estimates of uncertainty associated with both the capacity and the 
earthquake demand considered for the scenario. However, the combined uncertainty of 




In many cases, experimental results are used to complement and verify data generated via 
alternative methods. However, due to the lack of feasibility of extensive variation in testing 
parameters, experimental results are most often used for verification alone, rather than as 
additional sources of the available statistical damage data. The study performed by Singhal and 
Kiremidjian (1997) is an example of the hybrid method of fragility generation where data from 
the Northridge Earthquake is used to calibrate the analytical results. 
 
2.3. FRAGILITY CURVE DEVELOPMENT 
 
This study of building fragilities can be subdivided into four parts: building capacity, seismic 
demand, methodology for structural assessment, and methodology for fragility curve generation.  
The methodology for the selection and use of these components will now be reviewed in light of 
the literature available on each topic. 
2.3.1. Pushover Analysis Methods for Assessing Building Capacity 
 
The structural analysis methods used to determine building capacities in this study are a 
combination of experimental and analytical methods that are either performed as or represented 
as pushover analysis of unreinforced masonry structures. A thorough review of each individual 
source utilized in composing a database to represent building capacities is provided in Chapter 3. 
These literature sources are carefully selected to produce a database that effectively minimizes 
uncertainties in the modeling of building capacities. The justification for the general method of 
analysis used in these studies is provided in the following literature review covering the pushover 
analysis method.  
 
Pushover curves, the type of capacity curves selected for the purpose described above, are a plot 
of the lateral load capacity of a building as a function of that building’s lateral displacement. 
They are derived from plotting the static-equivalent base shear versus displacement, typically 
defined at roof level. A pushover curve can provide meaningful insight into the behavior of a 
building under lateral applied loading. The curve, although generated by static loading, can be 
equated to the envelope of the hysteretic loop that would define the cyclic response of the 
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structure. This is a powerful concept because it indicates the limiting boundaries of the global 
force-displacement relationship of the building. 
 
Static nonlinear pushover analysis is a well-known method that has been in use since as early as 
the late sixties.  Saiidi and Sozen (1979) used a pushover analysis method to create a nonlinear 
stiffness curve for a SDOF model of a ten-story RC frame building. 
 
Otani et al. (1992) notes that at the third meeting of the U.S.-Japan Joint Technical Coordinating 
Committee on Precast Seismic Structural Systems (JTCC-PRESSS), it was proposed that a static 
nonlinear analysis be used to determine ultimate strength and displacement response of concrete 
buildings idealized as plane frames. 
 
In 1993, Section 4.6 of ATC-34 called for incorporating several new procedures for inelastic 
frame design and analysis. One of these procedures was a “static load-to-collapse analysis” 
which was found “suitable for analysis and design of all structural systems…irrespective of 
regularity and height.” 
 
In 1995, ATC-33 introduced the Simplified Nonlinear Method, which described the 
implementation and use of static pushover analysis in greater detail.  
 
The specific applicability for unreinforced masonry wall structures with flexible diaphragms is 
discussed in Costley and Abrams (1995), where nonlinear static pushover analysis is proposed 
for the analysis of building structures. The method involves a uni-directional, incremental, lateral 
loading of the lateral-force resisting system. Following each linear load step, member stiffnesses 
are recalculated to account for yielding and plasticity in the structure being modeled. The 
procedure of loading and stiffness reduction progresses until a predefined displacement is 
reached or a collapse mechanism is identified, such as rapid loss of stiffness or loss of significant 
force resisting capacity.  
 
A method of pushover analysis suitable for seismic assessment of masonry buildings is later 
developed by Magenes (2000). The author notes that the role of non-linear equivalent static 
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analysis, i.e. pushover analysis, is being recognized more and more as a practical tool for the 
evaluation of the seismic response of a structure. Pushover analyses are therefore increasingly 
being considered for use within modern seismic codes for both the design of new structures and 
the assessment of existing ones. The specific procedure is based on simplified constitutive laws 
and the equivalent frame idealization of the structure. The method is discussed for applications 
on up to five storey structures, with issues regarding modeling and response addressed. A 
procedure using displacement response spectra and the substitute-structure approach previously 
proposed for reinforced concrete structures is developed to perform seismic assessment. An 
example is performed on a two-storey masonry structure. 
 
2.3.2. Synthetic Accelerograms as Seismic Demand Input for CEUS 
 
Structural analysis techniques each require different representations of earthquake demand. In 
the case of equivalent linear analysis, spectra acceleration values at defined periods are needed in 
order to estimate lateral forces on the structure. In spectral analysis, the ground motion must be 
in the form of spectral representation. In the improved CSM used in this study, time histories are 
employed, but demand spectra are also essential for the evaluation procedure. Linear and 
nonlinear response history analysis employs earthquake records, which are preferred due to the 
capability to represent ground motion features such as duration effect and time varying 
amplitude. 
 
The most accurate and rigorous of these methods is by using accelerograms, which are chosen 
for implementation in this study. These ground motion time histories are used because they are 
capable of reflecting many features of earthquakes such as source distance, depth, site condition, 
type of fault rupture, and other useful parameters. These characteristics allow for an accurate 
representation of earthquake demand to be made with the use of a manageable number of records 
with specified attributes.  
 
In HAZUS-MH, ground motion estimates are generated from GIS-based contour maps (Frankel 
et al., 2002), which were developed by the United States Geological Survey (USGS) as part of an 
update of the National Seismic Hazard Maps, and includes maps for eight probabilistic hazard 
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levels. The motion is characterized by spectral response, peak ground acceleration, and peak 
ground velocity.  The user must select the basis for determining ground shaking demand, choose 
attenuation relationships, and supply a detailed soil map based on the site class definitions of the 
1997 NEHRP Provisions (Section 4.1.2.4). 
 
The seismic activity rate for the geographic region known as the Upper Mississippi Embayment 
is the most active region of the Central and Eastern United States (Silva and Constantino, 2002). 
Still, the ground motion database in the CEUS is sparse, and the only available approach for 
developing appropriate attenuation relationships is numerical simulation. The stochastic method 
has been widely used to predict ground motions for regions where records from significant 
earthquakes are not currently available (Boore, 2003). This method uses the physics of the 
earthquake process and wave propagation to create simple equations that, when combined, result 
in the full spectrum of ground motion at a particular site. 
 
Many researchers have developed attenuation relationships for CEUS conditions in order to 
characterize strong ground motions in this area. Source models have been developed by Atkinson 
and Boore (1995), Frankel et al. (1996), and Silva et al. (2003).  The first is a two-corner 
frequency model, while the second two sources implement a one-corner frequency model. There 
are various benefits and drawbacks to each of these models, and multiple alternatives for 
modeling stress drops, non-linear soil properties, and embayment depth. Path and site 
characteristics are also variable, and the discussion of these additional topics, including the 
spectra developed for the soil site conditions selected for this study from each source model, can 
be further examined in Fernandez and Rix (2007). 
 
2.3.3. Capacity Spectrum Method as Methodology for Structural Assessment 
 
Structural analysis methods can be classified into the two broad groups of linear and nonlinear 
analysis, which can be further subdivided into static and dynamic procedures. A typical example 
of a linear static procedure is equivalent static analysis, which is widely used in most of the 
current seismic design codes. The required form of input for this method is the horizontal force 
distribution imposed on the structure. Linear dynamic procedures involve the use of modal or 
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spectral analysis methods, each employing superposition where multi-degree-of-freedom 
(MDOF) systems are decomposed into a series of single-degree-of-freedom (SDOF) systems. 
Elastic response history analysis can then be performed. In the case of modal analysis, time 
history of responses are combined, whereas for spectral analysis the maximum response 
quantities are superimposed to yield an upper bound to the response of the MDOF system. 
 
There are numerous methods used to evaluate the seismic response of structures based on the 
seismic input and structural building capacity.  Of particular interest to earthquake engineers is 
the ability to determine the displacement demand that is imposed on a structure expected to 
deform beyond its elastic range. Nonlinear Static Procedures (NSP) are often employed for this 
purpose due to their ability to offer an ideal combination of accuracy and simplicity, as opposed 
to the rough approximation of linear static procedures, and the complexity of nonlinear dynamic 
methods. NSP has found greater applicability due to the increased use of displacement based 
design methods in earthquake engineering.  Significant research has been performed to further 
improve the ability of NSP to provide displacement predictions with reasonable accuracy and 
limited computation costs. The most widely used NSP are the Capacity Spectrum Method 
(CSM), the Displacement Coefficient Method (DCM), the secant method (COLA, 1995), the N2 
method, and Modal Pushover Analysis (MPA).   
 
CSM and DCM utilize pushover curves, which can be either conventional or adaptive depending 
on whether the lateral force pattern applied to the structure is kept constant or updated. In 
contrast, the secant method uses substitute structures and secant stiffness values. In order to 
perform nonlinear dynamic analysis of structures, two established techniques are widely used, 
namely inelastic response history and incremental dynamic analysis (IDA). Since the 
introduction and development of IDA (Bertero, 1977; Nassar and Krawinkler, 1991) it has been 
used extensively in fragility analysis due to its ability to estimate structural capacity under 
seismic loading while providing a continuous account of the response of the system from the 
elastic range, through yielding, and up to collapse.  
 
The CSM is one of the two nonlinear static analysis tools described in the NEHRP Guidelines for 
the Seismic Rehabilitation of Buildings (FEMA, 1996) and is developed further in Seismic 
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Evaluation and Retrofit of Concrete Buildings (SSC, 1996). The methodology used in HAZUS-
MH (National Institute of Building Sciences, 2003) to determine building response is similar to 
the capacity spectrum method introduced in Mahaney et al. (1993). Input data is composed of 
capacity curves represented by pushover relations for each building type and seismic design 
level, as a function of earthquake input. The technique estimates structural response as the 
intersection of the building capacity curves and response spectra.  
 
Conventional and adaptive pushover techniques are compared to IDA by Elnashai (2002), and in 
Papanikolaou and Elnashai (2005, 2006) a test case of eight different reinforced concrete 
buildings of various plan, height, ductility, and directional effects are investigated to determine 
the ease of use and accuracy for each of these methods. Although it is shown that adaptive 
pushover methods yield more accurate results and have some advantages over conventional 
pushover curves, it is deemed that both techniques are adequate for structural systems free from 
significant irregularities in plan and elevation. For systems where this is not the case, IDA is 
recommended. 
 
CSM is used extensively in comparison to other NSP due to its ability to provide rapid 
assessment of the relationship between supply and demand, in addition to its visual nature. 
Although CSM has been widely accepted following its recommendation in ATC-40, and 
extensively investigated, having multiple improvements proposed and implemented, many of the 
currently available variants of the method still are unable to perform satisfactorily for certain 
applications. Some shortcomings include non-convergence, incompatibility between capacity 
and demand diagrams, and excessive overestimation of displacement demand.  
 
An advanced variant of the CSM which utilizes inelastic response history analysis is proposed by 
Gencturk (2007) as a method that yields more reliable and accurate results while addressing the 






2.3.4. Methods for Fragility Curve Generation 
 
As discussed in Section 2.2, seismic vulnerability functions can be empirical, judgmental, or 
simulation-based. In this previous section, it has been shown that simulation-based fragility 
relationships have the most promise of developing realistic fragility relationships for buildings 
that have not experienced earthquakes or for which empirical loss data is not available. Some 
important pioneering analytical methods include work by Czarnecki (1973) and Kustu et al. 
(1982). More recently, the Pacific Earthquake Engineering Research Center developed and 
applied second-generation performance-based earthquake engineering principles to derive 
vulnerability functions for several dozen woodframe, concrete, and steel buildings (Porter et al., 
2001; Porter, 2003; Krawinkler, 2005; and Goulet et al., 2007) 
 
Recently, methods have been introduced for developing vulnerability functions in terms of 
structure-independent intensity values (Porter, 2009). It is shown here that HAZUS-MH 
methodologies and data can be honored by vulnerability functions that tabulate mean loss as a 
function of intensity measure such as geometric mean-component or site-soil-adjusted spectral 
acceleration values. The concept of honoring all HAZUS-MH methodologies implies that the 
methodology uses the capacity spectrum method of hazard and structural analysis to determine 
structural response to a scenario earthquake. 
 
The method developed for the most diverse group of structures and providing the most thorough 
coverage of the subject is that implemented in HAZUS-MH. This different approach proposed by 
Kircher et al. (1997a-b) provides analytical seismic vulnerability information for most 
construction common to the United States. In this fragility curve generation, the ground motion 
intensity is instead replaced with the mean structural response through a convolution process. 
This procedure is explained in more detail in Chapter 6. 
 
Probabilistic statistical analysis is the final step in constructing the fragility relationships, and is 
applied to the structural response data generated by the CSM. If the structural systems were to 
stay within the linear elastic range, the relationships generated against the response and measure 
of intensity would also be linear. However, for severe seismic input, the systems will go into the 
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nonlinear region which necessitates regression analysis of the responses as a function of the 
intensity of the ground shaking. Nonlinear regression analysis used is of the power-law form as 
proposed in Luco and Cornell (2007). This form allows for the linear regression analysis to be 
performed after a simple logarithmic transformation. This technique is used by Wen et al. 
(2004b) to develop vulnerability functions. The regression constants obtained from the analysis 
give two parameters for the expectation and variation of the structural response for a given 
hazard. Upon selecting the appropriate distribution function, the two constants can be used to 





CHAPTER 3: CAPACITY OF BUILDINGS 
 
The first component of fragility analysis, the capacity of buildings, is investigated in this chapter. 
Building capacity is one of the two inputs necessary to derive the fragility relationships used in 
loss assessment. Earthquake demand, the second component of the input, will be discussed in 
Chapter 4. Uncertainties in the fragilities are due to inaccuracies and variability within the two 
constituents used to develop them. Therefore, the accuracy of the fragility curves depends in part 
on making the best possible assessment of the true capacity of the buildings examined.  It is 
important to investigate the capacity of the buildings considered to derive the fragility curves.  
 
A method is proposed to use a database of pushover curves and an advanced method of analysis 
is used to determine the capacity of the buildings studied. These building capacities are used in 
the structural assessment of the buildings (Chapter 5), the results of which are assessed by 
method of fragility curve generation (Chapter 6).  
 
There are several ways to represent the capacity of a building.  This study uses pushover curves 
to represent lateral force resisting capacity.  It is the aim of this study to obtain fragility 
relationships for a population of buildings with various parameters, including differing seismic 
design levels, story weights, heights, and types of construction. Thus, a relatively simple method 
is necessary to perform analysis efficiently. Pushover analysis is chosen because it is a simple, 
yet indicative of the true behavior of the structure. 
 
3.1. PUSHOVER CURVES 
 
Pushover curves, the type of capacity curve that have been selected as described above, are a plot 
of the lateral load capacity of a building as a function of that building’s lateral displacement. 
They are derived from plotting the static-equivalent base shear versus displacement, typically 
defined at roof level. A pushover curve can provide meaningful insight into the behavior of a 
building under lateral applied load. The pushover curve, although generated by static loading, 
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can be equated to the envelope of the hysteretic loop that would define the cyclic response of the 
building. This is a powerful concept because it indicates the limiting boundaries of the global 
force-displacement relationship of the building. 
 
There are certainly shortcomings to the method, due to its simplicity. First of all, it is very 
difficult to predict the behavior of buildings that have significant irregularities in stiffness and in 
geometry (mass). Irregularities in plan or elevation have the capability of producing torsional 
effects that cannot be captured by pushover analysis. In addition, the method is not capable of 
capturing local responses such as soft story effects, buckling and pullout of rebar, and higher 
mode effects.   
 
The latter two of these issues are not of significant concern to URM buildings as they are void of 
reinforcement, and not built tall enough or ductile enough for a significant portion of the mass to 
be associated with higher order vibrations. There have been significant research efforts 
addressing these shortcomings, several of which are listed in the portion of the literature survey 
that deals with building capacity (Chapter 2). These efforts have demonstrated that pushover 
analysis can provide a reasonable nonlinear force-displacement relationship for regular structures 
with negligible higher order effects. 
 
Another consideration to be made is the inclusion of planar tests that do not account for the out-
of-plane behavior of walls running perpendicular to the direction of loading. Various studies 
have been performed on the strength and stiffness of these walls. It is known that without proper 
connection to in-plane walls, the out-of-plane walls provide insignificant and negligible strength 
and stiffness to the system. It is however acknowledged that they can generally offer additional 
vertical load capacity to prevent overturning (Benedetti and Benzoni, 1984), and provide some 
lateral shear resistance (Kim and White, 2002). These generally have little effect on the overall 
strength capacity of most URM buildings which undergo shear deformation. However, if there is 
a sound connection between the out-of-plane and in-plane walls, flange effects can be present 




It is shown in Yi et al. (2006) that there can be some strength gains by including flange effects, 
and that there are also some effects on deformation capacity. It is shown in this study that there 
are three types of flange effects observed in 2D pushover analysis, namely compression flanges, 
global tension flanges, and component tension flanges. It was decided that for this thesis, there 
would be no scaling factor applied to increase the strength capacity of wall systems tested 
without consideration to flange effects because these do not dominate the database.  
 
In addition, it can be shown in Magenes et al. (1995) that the quantity and size of openings for 
in-plane walls have a more significant effect on structural behavior than the presence of flange 
effects. This is because the strength and deformation response of connected Wall B can be 
compared to the unconnected Wall D (see Appendix A.1.2.3 for details). Finally, older masonry 
buildings without seismic design considerations are not likely to display sound connections of 
masonry walls, and any overestimation of flange effects would result in an unconservative 
assessment of the strength of the structures. Thus the flange effects of out-of plane walls can be 
ignored, especially if the perpendicular walls are not securely connected. This is generally the 
case, and masonry structures are often modeled to be separated at the corners to account for this 
weakness. 
 
For the purpose of this study, the vast majority of the URM building types in the database of 
structures analyzed conform to the above criteria, making pushover analysis an adequate method 
of representing the global response of buildings under lateral demands. It is for this reason, along 
with the criteria necessary for methodology of structural assessment (Chapter 5), that building 
capacity is represented by pushover curves for this study. 
 
3.1.1. Database Selection Criteria 
 
In developing the database for use in the URM application of the fragility generation framework, 
careful and rigorous selection criteria were used in selecting the studies to gather data from for 
inclusion. Care was taken to ensure representation of the building inventory of concern and 
compatibility with the methodology being implemented. The guidelines considered in the 




• Ensure that adequate information exists to perform conversion to capacity diagrams in the 
format of the developed framework. 
• Confirm that the specimen analyzed or tested does not differ significantly from the target 
building stock. 
• Exclude data representing the performance of unique, abnormal, or special performance 
buildings according to user judgment. 
• Avoid the use of analytical data resulting from models with convergence errors 
encountered. 
• Confirm that the failure mode observed in small-scale experimental testing is scalable. 
 
The most common reason for neglecting to include a source in this procedure was due to the lack 
of availability of the entire set of parameters and data necessary to determine the capacity of the 
building, such as weights, loading methods, and details in procedure.  
 
Other sources were not included because it was deemed that although the data from these tests 
included all of the parameters necessary for determining structural capacity, that the building 
itself was not an accurate representation of the types of structures present in the target region of 
the loss assessment study due differences in design and construction procedures depending upon 
the region of the world in consideration and the age of the structure. In other cases, the geometry 
and layout of URM buildings may vary greatly depending on the socio-economic conditions of 
the individuals using the structure.  
 
Some tests were deemed unrepresentative because they were found to be an examination of a 
type of building that would generally be considered unique or abnormal in comparison to the 
majority of the building stock population. These included monumental buildings with unique 
structural and architectural components. Other tests excluded where from sources such as those 
which selected to analyze buildings that performed differently from the remainder of the building 
stock. If a single building was damaged significantly more or less than all of the other buildings 
in its vicinity, there may be causes to this phenomena that could not be appropriately modeled in 




In several cases, the results lacked the ability to represent the capacity or behavior of real 
masonry structures with enough completeness due to convergence error.  This occurred in 
several cases for analysis performed using older finite element analysis software packages. The 
most common problems involved the inability to model post-peak behavior. Many analyses were 
only performed in order to obtain elastic and ultimate limits and did not model descending 
portions of curves. 
 
In other cases, the incompatibility with use in the database was due to the procedure of the 
fragility development itself, specifically for cases where the failure mode reached in the lab or 
analysis could not be applied to the procedure by any type of scaling or adjustment of the 
parameters to fit into the framework. This occurred in instances where the data was the result of 
small scale experimental testing.  Scaling of heights, weights, and resistive forces was necessary 
in order to have data representative of a building at regular scale. If a small-scale structure were 
to fail in sliding shear or experience a failure mode that was entirely shear dominated, it makes it 
impossible to scale up forces because force scaling of ultimate strength and other components of 
behavior is not proportional to height or weight in these instances. 
 
3.1.2. Development and Format 
 
The specific pushover curves used in this study will be described in great detail in Section 3.4. 
As a set, they result from experimental monotonic tests, analytical monotonic tests, and cyclic 
tests where the pushover curve is constructed from drawing a backbone curve over the envelope 
of the hysteretic curve resulting from the dynamic loading. The data was either received digitally 
from the authors of the studies, or if the digital data was no longer available, it was digitized 
from available plots. Pushover curves from the selected sources were ultimately displayed in a 
format that plotted base shear in kN on the vertical axis against storey drift in meters on the 
horizontal axis. This uniform format is necessary so that a standard set of calculations can be 
used in converting the pushover curves to capacity diagrams as described in Section 3.2. The 




3.1.3. Comparison with Literature  
 
The pushover curves resulting from the above procedure, along with details on the methods used 
to derive them, can be viewed in Appendix A.1.2. It is important to note that the curves are in 
very good agreement with both monotonic pushover analysis and envelope (backbone) curves 
from dynamic testing conducted on URM buildings in the U.S. and throughout the world. There 
have only been a handful of full scale experiments on masonry buildings, but from examining 
these and available analytical models, the curves resulting from these sources reflect the 
anticipated behavior of URM buildings. High initial stiffness and strength characteristics, with 
relatively low levels of ductility as indicated by maximum displacement and peak strength values 
are reflective of the brittle behavior observed in the field.  For all sources which compose the 
database, values of maximum displacement and maximum force resistance vary no greater than 
within 50% of the average values for each building height category. This is a very reasonable 
distribution considering the nature of URM buildings and the wide array of parameters including 
variance in material properties, geometric layout, construction techniques, experimental 
procedure, and analytical modeling methods which can affect the capacity results obtained in 
each individual study. These building height categories are then further divided according to 
seismic design levels, with even less variance within each of these groups, resulting in an 
accurate set of fragility relationships for buildings of identifiable height and seismic design level. 
 
3.2. CAPACITY DIAGRAMS 
 
In order to perform the advanced CSM that is developed at the MAEC (Gencturk, 2007), a 
conversion of the capacity curves is required. These capacity curves, represented as pushover 
curves here, are usually expressed in terms of base shear versus top roof displacement of a 
structure. However, the advanced CSM requires that the capacity of buildings be represented in 
Acceleration-Displacement (AD) format as described in Mahaney et al. (1993) when performing 





Figure 3.1 Demand Diagram (left), and Standard Composite Spectra (right) in AD Format 
 
 
AD format is a plot of spectral acceleration versus spectral displacement, which is unlike typical 
spectra, which are most commonly represented as spectral acceleration or spectral displacement 
plotted as a function of period. Demand curves in AD format do not include the period of the 
structure explicitly, although a line drawn from the origin of the plot to a particular point on the 
AD curve is representative of a specific period. This is shown visually in Figure 3.1, which is 
reproduced from Gencturk (2007). The pushover capacity curves expressed in AD format are 
referred to as capacity diagrams for the remainder of this study. 
 
 
3.2.1. Method of Conversion to Acceleration-Displacement Format 
 
A brief discussion on the method for obtaining pushover curves, the development of equations 
for use in converting to capacity diagrams, and resulting units and notation is discussed below 
using the same notation and descriptions given by Fajfar (2000). 
 
The monotonic pushover curves are obtained by applying lateral load that is representative of the 
inertial forces imposed on a structure due to ground input motion and causes a displacement in 
the structure. The resulting nonlinear relationship between the base shear bV  and top (roof) 
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displacement roofΔ  is the format in which these pushover curves must be either obtained or 
converted to in order to proceed with the following steps for conversion to capacity diagrams. 
 
The lateral load vector of applied forces, P , that is used in the pushover analysis is defined by: 
  
 p p= Ψ = ΦP M  (3.1) 
   
where p controls the magnitude of lateral loads, Ψ is the distribution of lateral loads, and M is 
the diagonal mass matrix. Ψ is related to the assumed displacement mode shape Φ , which is 
normalized so that it is equal to unity at the top (roof) of the building. 
 
In converting pushover curves to capacity diagrams, the multi-degree-of-freedom (MDOF) 
system is replaced with an equivalent single-degree-of-freedom (SDOF) system. The equation of 
motion of the MDOF system is given by: 
 
 gx+ + = −MU CU R M    (3.2) 
 
where U is the displacement vector, M is the diagonal mass matrix as above, C is the damping 
matrix, R is the internal force vector, gx is the acceleration of the ground where ( • ) denotes 
derivative with respect to time. 
 
If we assume that the displacement mode shape Φ  does not change according to the structural 
response to ground motion, along with knowing that internal force components of R are equal to 
the externally applied loads in P , we can define the displacement vector as shown in Eq. (3.3) 
and substitute to transform Eq. (3.2) into Eq. (3.4). 
 
 η= ΦU  (3.3) 
 T T T T gp xη ηΦ Φ +Φ Φ +Φ Φ = −ΦM C M M    (3.4) 
  




 gm c F m xη η∗ ∗ ∗ ∗ ∗ ∗+ + = −    (3.5) 
 
where m∗  and c∗ are the equivalent mass and viscous damping constants of the SDOF given by: 
 
 T i im m
∗ = Φ = Φ∑M  (3.6) 
 
 Tc∗ = ΓΦ ΦC  (3.7) 
 
and η∗  and F ∗  are the displacement and force of the SDOF system, and are defined as: 
 
 ηη∗ = Γ  (3.8) 
 
 bVF ∗ = Γ  (3.9) 
 
where Γ is the modal participation factor used to convert back and forth between the MDOF and 
















where im  is the individual story mass for the i
th story of the structure. 
 
In order to determine the spectral acceleration value necessary to express the capacity diagram in 
AD format, the force F ∗  from Eq. (3.9) must be divided by the equivalent mass of the system 








∗=  (3.11) 
 
In this study, the same assumed displacement shape Φ  used in obtaining the pushover curve is 
utilized for conversion to capacity diagrams in AD format as has just been summarized. A 
generic example of the conversion procedure followed can be seen in Figure 3.2. 
 
 
Figure 3.2 Conversion Procedure from Pushover Curve to Capacity Diagram (Gencturk, 2007) 
 
3.2.2. Comparison to and Disparity with HAZUS-Adopted Curves 
 
The capacity curves used in this study were derived from pushover curves representative of a 
wide array of URM structures and selected from across the literature. These curves were 
observed to have reasonable levels of variance amongst each other, but are not found to be in 
nearly as close of agreement with the HAZUS-adopted opinion-based curves currently in use as 
they are to one another. The HAZUS-adopted curves, although not containing a large 
discrepancy with the database in terms of ultimate strength, are out of scale with the simulation-
based curves in terms of deformations. The average behavior for 1-3 storey URM buildings is 
plotted in AD format along with the HAZUS-adopted curves in Figure 3.3.  In this figure, 
URML and URMM are HAZUS-defined height categories of low-rise and medium-rise 
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buildings. The details of these height categories are given in Table 3.1, but the low-rise category 
are comprised of one and two story URM buildings, while the medium rise encompass all 
buildings three stories or taller. As can be seen in this figure, regardless of height category, the 
displacements are substantially higher for the HAZUS-adopted curves than they are for the 
sources used to compose the database. Although the ultimate strength characteristics are within 
fairly reasonable proximity, with HAZUS-defined curves exhibiting slightly greater strength as 




Figure 3.3 Example of Discrepancy in Database Curves with HAZUS Opinion-Based Curves 
 
These characteristics of the opinion-based curves used in HAZUS have been observed in other 
sources as well.  Penelis et al. (2002) likewise notes that the capacity curves adopted by HAZUS 
are out of scale with present analytical and experimental test data, not in terms of strength but in 
displacements, particularly for low rise buildings. An image from this report is reproduced in 
Figure 3.4 HAZUS Comparisonshowing drift vs. normalized base shear plots of HAZUS-defined 
capacities compared to analytical results from pushover analysis along with two experimental 
tests performed in Europe. It is concluded that the maximum drifts observed in these curves 
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should be regarded as outliers to the present data. The only theory proposed to explain the 
increased displacements is foundation compliance, although it is admittedly noted that this would 
not account for the level of discrepancy observed. It was also noted in Dolce et al. (2006) that 
although ultimate strengths were within +/- 30% of the average values seen in literature, that it is 
necessary to take into account the very large ultimate displacements of URM buildings adopted 
by HAZUS, which the author attributes to the practice of defining damage states that correspond 
to partial collapse of buildings. Penelis (2006) also concludes that the capacity curves provided 
by HAZUS for URM buildings allow extremely high values (1.8%) for ultimate drift, which can 
only be justified for reinforced masonry buildings. 
 
 
Figure 3.4 HAZUS Comparison (Penelis, 2006) 
 
It can be shown that in over-estimating the deformational capacities of these brittle structures, 
the use of these opinion-based capacity diagrams in a loss assessment study would result in 
underestimating the casualties, and socio-economic damages experienced from the contribution 
of the URM component of the overall building stock. The importance of this is highlighted by 
the fact that HAZUS assigns URM buildings the highest collapse rate and casualty rate due to 
structural damage out of all building types (National Institute of Building Sciences, 2003). Based 
on this assessment, it is suggested that loss-assessment studies be performed using fragility 
curves derived from building capacities that reflect the behavior noted in this study and in 
sources used for comparison, which are simulation-based and will provide a more accurate 




3.3. BUILDING TYPES 
 
It is the aim of this study to use and continue to develop a method for generating analytically-
based fragility curves for use in future loss assessment studies for seismic events. Significant 
work was done by Gencturk (2007) on woodframe buildings, and this study is meant to further 
develop the concepts and apply the procedure to URM structures. Ultimately, it is desired that 
the entire inventory of an area can have its vulnerability expressed in a way that more accurately 
represents the fragility of the structures in this area. Thus, it is important to consider the entire 
building inventory in order to continue to progress with a method that can be applied uniformly 
across the inventory of a region during seismic loss assessment. 
 
The building types currently defined in HAZUS (National Institute of Building Sciences, 2003) 
were first defined in ATC-14 (Applied Technology Council, 1987) and later on appeared in 
FEMA 310 (formerly FEMA 178-1992), NEHRP Handbook for the Seismic Evaluation of 
Existing Buildings – A Prestandard (1998) with a number of additional building types included 
so as to encompass all of the common construction types in use today. 
 
HAZUS subdivides each of the building classes present in FEMA 310 according to ranges of 
height and also includes a category for mobile homes. This results in a total of 36 different 
building types, which can be considered to adequately define the building stock for most loss 
assessment studies. A full list of the building classes as presented in HAZUS, including 
information on the ranges and typical heights, number of stories, and periods can be viewed in 
Table 3.1 Summary of Building Types (National Institute of Building Sciences, 2003). The 
methods used to distinguish URM buildings in this study are discussed in detail in Section 6.1, 
where the breakdown of categories for representing fragility relationships is justified. It should 
be noted here that URM buildings are ultimately split into three building heights: one, two, and 
three storey structures. This is the classification systems used in this study based on trends 
observed across the database and the distinct behavior observed amongst buildings falling into 





Table 3.1 Summary of Building Types (National Institute of Building Sciences, 2003) 
 
Period
Rise Stories Stories Feet (sec)
1 W1 Wood, Light Frame 1‐2 1 14 0.35
2 W2 Wood, Commercial and Industrial All 2 24 0.4
3 S1L Low‐ 1‐3 2 24 0.5
4 S1M Mid‐ 4‐7 5 60 1.08
5 S1H High‐ 8+ 13 156 2.21
6 S2L Low‐ 1‐3 2 24 0.4
7 S2M Mid‐ 4‐7 5 60 0.86
8 S2H High‐ 8+ 13 156 1.77
9 S3 Steel Light Frame All 1 0.4
10 S4L Low‐ 1‐3 2 24 0.35
11 S4M Mid‐ 4‐7 5 60 0.65
12 S4H High‐ 8+ 13 156 1.32
13 S5L Low‐ 1‐3 2 24 0.35
14 S5M Mid‐ 4‐7 5 60 0.65
15 S5H High‐ 8+ 13 156 1.32
16 C1L Low‐ 1‐3 2 20 0.4
17 C1M Mid‐ 4‐7 5 50 0.75
18 C1H High‐ 8+ 12 120 1.45
19 C2L Low‐ 1‐3 2 20 0.35
20 C2M Mid‐ 4‐7 5 50 0.56
21 C2H High‐ 8+ 12 120 1.09
22 C3L Low‐ 1‐3 2 20 0.35
23 C3M Mid‐ 4‐7 5 50 0.56
24 C3H High‐ 8+ 12 120 1.09
25 PC1 Precast Concrete Tilt‐Up Walls All 1 15 0.35
26 PC2L Low‐ 1‐3 2 20 0.35
27 PC2M Mid‐ 4‐7 5 50 0.56
28 PC2H High‐ 8+ 12 120 1.09
29 RM1L Low‐ 1‐3 2 20 0.35
30 RM1M Mid‐ 4+ 5 50 0.56
31 RM2L Low‐ 1‐3 2 20 0.35
32 RM2M Mid‐ 4‐7 5 50 0.56
33 RM2H High‐ 8+ 12 120 1.09
34 URML Low‐ 1‐2 1 15 0.35
35 URMM Mid‐ 3+ 3 35 0.5


























3.4. DATABASE OF URM STRUCTURES 
 
In order to derive fragilities that represent the true behavior and seismic capacity of the URM 
buildings that they are designated to represent, pushover curves derived through both simulation 
and experimental results are collected and compiled from notable previous studies available in 
the literature to form a database. The care in selecting representative curves for use in the 
database helps to eliminate as best as possible the uncertainties that are inherent with the use of 
probabilistic models used for loss assessment. The most important consideration is providing 
accurate force and displacement capacities that provide true behavior based on analytical and 
experimental results as opposed to empirical relationships. 
 
There are six different sources from which structural capacities were selected for use in the 
database: 
 
 i.   RISK-UE Project (Penelis et al. 2002) 
ii.  Comparative Inelastic Pushover Analysis of Masonry Frames (Salonikios et al. 
2003) 
iii.   Full Scale Seismic Testing of 2-story URM Building in Pavia, Italy (Magenes et 
al. 1995) 
iv.   Dynamic Response of Masonry Structures (Costley and Abrams, 1995) 
v.   NDT Confirmation Testing of Extracted Walls (Epperson and Abrams, 1989) 
vi.   Cyclic Load Testing of Masonry Walls (Abrams and Shah, 1992) 
 
It can also be noted that many of the sources above are cited in the FEMA 307 document where 
the experimental results from these tests were used to evaluate the accuracy of the methods of 
FEMA 273 and ATC-43 in predicting URM seismic behavior. The source data, related study, 
and structural configurations assessed in each of the related studies are displayed in Table 3.2 





Table 3.2 Source Descriptions for URM Database 
 
Model #  Data Source  Year  Location  Related Study 
1‐35  Penelis et al.  2002 AuTh, Greece  RISK‐UE Project 
36  Salonikios et al.  2003 Thessaloniki, Greece  Comparative Analysis
37‐38  Costley & Abrams  1995 Urbana, IL  Proof Testing 
39‐40  Magenes et al.  1995 Pavia, Italy  Seismic Testing 
41‐42  Abrams & Shah  1992 Urbana, IL  Cyclic Load Testing 
43‐47  Epperson & Abrams  1989 Urbana, IL  NDT Confirmation 
 
 
Table 3.3 Details on Simulation of Structures to Generate Database Curves 
 
Model #  Structural Configuration  Analytical/Experimental  Method 
1‐35  1‐3 Story, Large Plan, Varying Components Analytical  SAP 2000 ‐ NL Pushover 
36  One and Seven Bay ‐ 2‐Story Frames  Analytical  Sap 2000 and CAST3M 
37‐38  Two Structural Walls ‐ 2‐Story  Analytical  NL Pushover 
39‐40  2‐Story Full Scale  Experimental  Cyclic ‐ Shake Table 
41‐42  Three 1‐Story Walls  Experimental  Cyclic 
43‐47  Five 1‐Story Walls from 1917 Building  Experimental  Full Scale Monotonic 
 
 
3.4.1. RISK-UE Vulnerability Assessment Project 
 
RISK-UE was a project designed to perform an advanced assessment of earthquake risk 
scenarios with applications to different European towns. The portion of the project performed by 
a group at the Aristotle University of Thessaloniki (AUTh) is of particular interest to this study.  
This was the 2nd level approach for URM buildings within WP4 of the RISK-UE project, which 
focused on two distinct objectives. The first of these was to develop a set of characteristic, or 
prototype, pushover and capacity curves for typical URM buildings. Secondly, the goal was to 
develop fragility curves using PGA or spectral displacement to describe the earthquake input. 
Both objectives required a series of nonlinear static analyses of selected URM building 
typologies in order to produce statistically reliable capacity curves. The second objective was 
performed using a hybrid vulnerability approach developed by the AUTh team to compensate for 




This procedure for a “hybrid approach” to seismic vulnerability was developed by Kappos et al. 
(2006) to address the common issue of limited quantities of reliable statistical data for seismic 
damage prediction. The “hybrid” methodology is a combination of empirical and analytical 
approaches. The basis of the approach is generally the derivation of damage probability matrices 
(DPMs) and/or fragility curves. DPMs for masonry buildings are derived by Penelis et al. 
(2002c) by a purely empirical approach using statistical data from three Greek earthquakes. 
Statistical data and inelastic time-history analysis of models yield the DPMs. 
 
Pushover analysis is presented as an effective alternative that does not necessitate time-history 
analysis, hysteretic models, or appropriate selection of quantity and quality of different types of 
ground input motions. It is a viable procedure for assessing a structure for which time-history 
analysis would be cumbersome, such as URM buildings for which a spatial 3D model would be 
otherwise necessary. The pushover assessment hinges on accurate representation of each of the 
building classes considered, and requires a large number of curves with realistic yet feasible 
models for elastic and inelastic properties. A model based on equivalent frame discretization and 
idealized plastic hinges at critical regions of piers and spandrels is used whenever the damage or 
type of failure is expected to be in-plane. 
 
Static nonlinear analysis was performed for thirty-six (36) one to three story URM buildings with 
layout corresponding to typical residential buildings designed at the threshold of EC8 category 
‘simple buildings’.  Building layout is shown in Figure A.1 and elevation view in Figure A.2. 
Typical configurations were modeled with variation to the following parameters: 
 
• Number of stories (1-3) 
• Materials of low and high quality (differing strengths) 
• Dimension of piers defined as large or small based on opening size 
• Dimension of spandrels defined as large or small based on opening size 




The pushover curves are shown in Figure A.5-A.7. As would be expected, we see a decrease in 
normalized strength V/W and an increase in yield displacement with increasing storey height as 
shown in Figure A.8-A.10.  
 
3.4.2. Comparative Inelastic Pushover Analysis of Masonry Frames 
 
The methodology suggested in FEMA 273 was used for evaluation of the seismic capacity of 
existing unreinforced masonry plane frame structures.  Pushover analyses of two unique two-
story structures is performed in SAP2000 and CAST3M software programs (Salonikios et al., 
2003). Modeling details and comparative pushover results can be viewed in Appendix A.1.2.2.  
 
The two structures analyzed are a one-bay and a seven-bay two-storey model.  The models were 
constructed to by typical of URM buildings in Southern Europe, but for the analysis performed 
in this study, the seven-bay model was neglected due to being unrepresentative of the type and 
scale of URM collective use buildings in the U.S. This was later confirmed by comparison of 
results to those known to be representative of URM buildings located in the CEUS. Thus, the 
two-story one-bay URM building structure is analyzed and used in the database for fragility 
derivation. 
 
3.4.3. Full Scale Seismic Testing of 2-story URM Building 
 
A full-scale two-story masonry building was tested at the University of Pavia, Italy as part of a 
larger study using analytical and experimental procedures at several institutions to assess the life-
safety risk posed by URM buildings in seismic zones (Magenes et al., 1995). The materials used 
to build the prototype structure were chosen to represent masonry buildings typical to old urban 
construction in Italy. Solid fired-clay bricks and hydraulic lime and sand mortar were used. The 
author acknowledged that the structure was also a good representation of older unreinforced clay 
masonry buildings constructed in urban environments in the United States. This is because the 
masonry unites were intended to represent older Italian URM, not modern hollow clay “tile” type 
units. The unit and mortar joint size and proportion, as well as material properties, are also 
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confirmed to be well representative of U.S. masonry, particularly older structures. The author 
will refer to Binda et al. (1994) for more detailed information and documentation on material 
testing and properties.  
 
Two parallel walls contained openings, and are labeled as wall B, the wall with window 
openings, and wall D, the wall with door openings. The loading is applied in the plane of these 
walls in the form of four concentrated horizontal forces applied at the two longitudinal walls at 
the floor levels as shown in Figure A.24.  The transverse out-of-plane walls A and C are without 
perforations. Wall D is disconnected from these transverse walls while wall B is connected 
through an interlocking brick pattern. This allows for the testing procedure to yield data that 
represents two independent structures, idealizing wall D as a plane structure, and considering it 
and wall A+B+C as independent structures to include in the database for fragility generation, 
thus including a small component of flange effects into the database. 
 
The floors are a series of isolated steel beams designed to simulate a flexible diaphragm. Vertical 
and horizontal loads are applied through the floor beams and concrete blocks are used to 
simulate gravity loads. The geometry of the structure and further details can be seen in A.1.2.3. 
The prototype building was tested under quasistatic applied displacements that were designed to 
simulate dynamic patterns with reference to a 3/8 scale exact replica of the prototype building 
which was tested on a shaking table at the University of Illinois, a test that will be discussed in 
the following section. This analysis led to methods of applied force and displacements as 
discussed in Magenes et al. (1995). 
 
The overall response of the structure is summarized in plots of base shear versus top 
displacement as shown in Figure A.26 and A.28 which demonstrate that the maximum horizontal 
force was achieved at a drift of approximately 0.2% and testing was terminated when significant 
damage had developed in piers and masonry lintels due to joint-sliding failure mechanism in the 
critical piers. Although diagonal cracks developed in the brick and mortar, it was displacement 
due to large local joint sliding that was observed in the final stages of the test. This resulted in a 




3.4.4. Dynamic Response of Masonry Structures 
 
In a study on the response of masonry buildings with flexible diaphragms and shear walls 
susceptible to nonlinear actions, two reduced-scale test structures were constructed and subjected 
to an array of simulated earthquake motions (Costley and Abrams, 1995). The stiffness and mass 
of the diaphragms were selected to have a period in the horizontal plane approximately three 
times larger than the shear wall system. The shear walls were designed to reach the capacities of 
the pier components of the walls in order to study nonlinear response. Force-deflection 
relationships are acquired from measured results of base shear and lateral deflection. 
 
Each of the two test structures described in Figure A.34-A.37 were three-eighths scale clay 
masonry units representative of the final full scale test that was to be later performed in Pavia, 
Italy as a part of the experimental program described in the previous section. Additional 
dimensions and details are provided in Section A.1.2.4. The first test structure, S1, has similar 
lateral stiffness and strength in the two parallel shear walls. The second test structure, S2, has 
varied size and placement of perforations to achieve dissimilar strength and stiffness for the two 
parallel wall elements in order to examine possible torsional effects and load sharing. 
 
The behavior of both test structures was governed by rocking of base-story piers. Because 
rocking capacity was less than bed-joint sliding or diagonal tension capacity, no shear cracks 
developed in the piers. Due to this, shear forces required for rocking failure were able to be 
scaled back up to account for three-eighths scale. This allowed for the capacity of the structures 
to be representative of full-scale structures and overall base-shear versus drift response values 
could be added to the database used for fragility derivation. 
 
3.4.5. Cyclic Load Testing of Masonry Walls 
 
Three laboratory experiments were performed by Abrams and Shah (1992) to investigate the in-
plane lateral strength and behavior of URM walls. Parameters were the length to height aspect 
ratio of the test walls, and the level of vertical compressive stress. Wall specimens were newly 
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constructed using reclaimed brick and mortar representative of older masonry construction in the 
United States. Laboratory experiments are compared and correlated against each other and 
against computational models and estimates based on nondestructive testing. Full details of the 
procedure as it relates to this study are provided in Section A.1.2.5.  
 
The testing examines lateral strength of unreinforced masonry buildings using simple and 
conservative assumptions regarding behavior of walls and piers resisting in-plane forces. The 
experiments sought to display that the then common assumption used to determine lateral 
strength based on the cracking of the first pier or wall were lower than is realized in real world 
structures. Thus, it is shown that the lateral strength of the system can be assumed to be 
comprised of the combined strengths of all its elements and this ‘ductile’ behavior results in 
estimates of system strength several times greater than those limited by the first crack of the 
weakest element. 
 
In this study, the behavior of the URM walls and piers were found to be dominated by flexure, 
shear, or a combination of these two failure modes. The heights of the test wall structures were 
such that in order to appropriately quantify lateral resistance capacity for the purpose of 
calculating fragilities, only the data from walls exhibiting flexural dominant behavior can be 
used in order to scale the data to a height representative of a one story URM structure. The base 
shear value is multiplied by the ratio of desired height to height of wall tested experimentally in 
order to obtain the base shear value representative of lateral capacity of a one story URM 
structure. Walls that failed in pure shear or sliding shear failure cannot be scaled properly, and 
must be neglected. Wall 1, which had a width to height ratio of 2.0 was therefore not included in 
the database, since it failed in pure shear. Walls 2 and 3 had ratios of 1.5 and 1.0 respectively. 
Wall 3 failed in pure flexure, while Wall 2 failed in a combined mode, but was dominated by 
flexure as it cracked first in flexure, and did not develop a diagonal shear crack until the last half 





3.4.6. Confirmation of NDT Methods for Extracted Walls 
 
An experimental testing portion of a study covering the investigation of several methods of 
nondestructive evaluation (NDE) of URM walls was performed by Epperson and Abrams 
(1989). The five different methods that were studied were ultrasonic wave velocity tests, sonic 
wave velocity tests, two variations of the ‘flat-jack test’, and the shove test. These methods were 
compared to direct tests done to five test samples of walls. The test sample walls were extracted 
from a building that was constructed in 1917 on the campus of the University of Illinois and 
transported to the neighboring structural engineering laboratory. The walls were subjected to 
vertical compressive stress and lateral shear, and pushover curves were extracted from data that 
correlated top displacement with shear stress. Additional details regarding the specimen 
geometry, testing scenarios, and parameters used in this study are provided in Section A.1.2.6.  
 
The heights of the test wall structures were such that in order to appropriately quantify lateral 
resistance capacity for the purpose of calculating fragilities, only the data from walls exhibiting 
flexural dominant behavior can be used in order to scale the data to a height representative of a 
one story URM structure. The base shear value is multiplied by the ratio of desired height to 
height of wall tested experimentally in order to obtain the base shear value representative of 
lateral capacity of a one story URM structure. Flexural cracking was the first failure to develop, 
at around 60% of the ultimate load. At this point there was a reduction of stiffness and force 
redistribution leading to toe crushing failure. Although some shear cracking occurs, it is noted by 
the author that flexural cracking may have precipitated the shear failure sequence. Thus, all of 
the five walls from this experiment were employed in the database for fragility generation. 
 
3.5. OVERVIEW OF DATABASE 
 
Therefore a database has been carefully constructed to best represent the behavior of older URM 
buildings in the CEUS. The sources are a diverse set of experimental and analytical testing 
programs that have been conducted at reputable institutions and have had the conclusions 
verified. The tests performed were also a mixture of monotonic and cyclic tests. Great effort has 
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gone into ensuring that the buildings which these tests were performed on did fail to provide 
reasonable capacities due to missing data, type of structure analyzed, or failure of analytical 
convergence. The sources include a wide variety of structures, with geometric and material 
characteristics spanning the wide range of building parameters present in the inventory 
considered. This include, among other things, building heights of 1-3 stories, various sizes of 
floor plan, varying masonry and mortar strength, and different sized spandrel and pier 
dimensions. A complete summary of the buildings included in the database is provided in Table 
3.4. 
 
Considerable time and effort was spent to collect pushover curves and derive capacity diagrams 
using advanced simulations methods to capture as close as possible to real behavior of the 
structures. This is why the scope of this project is limited to URM buildings, in the same way 
that the previous MAEC study by (Gencturk, 2007) was limited to development of the 
framework and analysis of a group of wood frame buildings. 
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Table 3.4 Full Summary of Buildings Included in Database 
Index # Source Keyword No. Stories Type of Test Details
1 RISK‐UE 1 Analytical Weaker mortar, small openings*, x
2 RISK‐UE 1 Analytical Weaker mortar, small openings, y
3 RISK‐UE 1 Analytical Weaker mortar, medium openings, x
4 RISK‐UE 1 Analytical Weaker mortar, medium openings, y
5 RISK‐UE 1 Analytical Weaker mortar,medium openings, y
6 RISK‐UE 1 Analytical Weaker mortar, large openings, y
7 RISK‐UE 1 Analytical Stronger mortar, small openings, x
8 RISK‐UE 1 Analytical Stronger mortar, small openings, y
9 RISK‐UE 1 Analytical Stronger mortar, medium openings, x
10 RISK‐UE 1 Analytical Stronger mortar, medium openings, y
11 RISK‐UE 1 Analytical Stronger mortar, medium openings, y
12 RISK‐UE 1 Analytical Stronger mortar, large openings, y
13 RISK‐UE 2 Analytical Weaker mortar, small openings, x
14 RISK‐UE 2 Analytical Weaker mortar, small openings, y
15 RISK‐UE 2 Analytical Weaker mortar, medium openings, x
16 RISK‐UE 2 Analytical Weaker mortar, medium openings, y
17 RISK‐UE 2 Analytical Weaker mortar, large openings, y
18 RISK‐UE 2 Analytical Stronger mortar, small openings, x
19 RISK‐UE 2 Analytical Stronger mortar, small openings, y
20 RISK‐UE 2 Analytical Stronger mortar, medium openings, x
21 RISK‐UE 2 Analytical Stronger mortar, medium openings, y
22 RISK‐UE 2 Analytical Stronger mortar, medium openings, y
23 RISK‐UE 2 Analytical Stronger mortar, large openings, y
24 RISK‐UE 3 Analytical Weaker mortar, small openings, x
25 RISK‐UE 3 Analytical Weaker mortar, small openings, y
26 RISK‐UE 3 Analytical Weaker mortar, medium openings, x
27 RISK‐UE 3 Analytical Weaker mortar, medium openings, y
28 RISK‐UE 3 Analytical Weaker mortar, medium openings, y
29 RISK‐UE 3 Analytical Weaker mortar, large openings, y
30 RISK‐UE 3 Analytical Stronger mortar, small openings, x
31 RISK‐UE 3 Analytical Stronger mortar, small openings, y
32 RISK‐UE 3 Analytical Stronger mortar, medium openings, x
33 RISK‐UE 3 Analytical Stronger mortar, medium openings, y
34 RISK‐UE 3 Analytical Stronger mortar, medium openings, y
35 RISK‐UE 3 Analytical Stronger mortar, large openings, y
36 Comparitive Analysis 2 Analytical 1‐bay, large openings
37 Dynamic Response 2 Analytical 3/8 Scale, Door Wall
38 Dynamic Response 2 Analytical 3/8 Scale, Window Wall
39 Siesmic Testing 2 Experimental Full Scale, Door Wall, Old Urban Construction
40 Siesmic Testing 2 Experimental Full Scale, Window Wall, Old Urban Construction
41 Cyclic Testing 1 Experimental Reclaimed Brick, "Old" Mortar, 1.5 Ratio
42 Cyclic Testing 1 Experimental Reclaimed Brick, "Old" Mortar, 1 Ratio
43 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied
44 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied
45 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied
46 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied
47 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied
*Description of openings is  based on combined effects  of pier and spandrel  dimensions  
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3.6. PERFORMANCE LIMIT STATES 
 
In this section, the structural damage limit state definitions are developed and examined.  Limit 
states are defined according drift values, but are selected in accordance with both drift and 
strength values upon examining the behavior of the structure. These limit states are often defined 
according to characteristics that are visible upon examining the capacity diagrams for each 
building. Included are significant sudden changes in stiffness, changes in material properties, 
strength levels and sudden loss of strength or strength degradation beyond a specified percentage 
of maximum base shear resisted. 
 
Once determined, the limit state values are the means by which the fragility curves are organized 
into different regions of damage after acquiring displacements due to applied input parameters 
for the building from employing the capacity spectrum method.  Input parameters from the 
seismic event being simulated will drive the structure into one of the damage states according to 
where the maximum displacement of the structure falls according to these pre-defined limit 
states. 
 
Performance levels, or limit states, for structural systems are inherently defined as the point after 
which the structure is no longer capable of performing a desired function. Performance levels 
can be therefore identified according to qualitative or quantitative approaches. Qualitative 
approaches are adopted in most building codes where the performance objectives are defined to 
ensure the safety of occupants under factored loading and serviceability during typical 
unfactored conditions. Detailed qualitative definitions of performance levels are provided by the 
Federal Emergency Management Agency in FEMA 356 (2000). These three important limit 
states are immediate occupancy (IO), life safety (LS) and collapse prevention (CP), which 
correspond to the stiffness, strength, and ductility requirements in structural design 
considerations. The three limit states are defined by this document as follows: 
 
i. IO – Occupants are allowed immediate access to the structure following an 
earthquake, and the pre-earthquake design stiffness and strength are retained. 
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ii. LS – Occupants are protected from loss of life with a significant margin against 
onset of partial or total collapse. 
ii. CP – Building continues to support gravity loading but retains no margin against 
collapse 
 
When structural analysis is being performed on a structure, it is necessary to assign quantitative 
response limits that correspond to these qualitative code descriptions. For this purpose, the 
damage index model proposed by Park and Ang (1985) and Park et al. (1987) is adopted. In the 
case of static analysis, particularly with pushover analysis, the yield and ultimate limit state 
definitions by Park (1988) are used to determine the performance levels defined above. 
 
3.6.1. HAZUS Limit States 
 
In HAZUS, there are four structural damage (performance) limit states determined for each 
building category, which are quantified by slight, moderate, extensive, and complete threshold 
values. In determining these points, the relationships for yield and ultimate point as defined by 
Park (1988) are utilized. The slight, moderate, extensive, and complete limit states threshold 
values are obtained from first yield, yield point of equivalent elasto-plastic system with energy 
absorption equivalent to that of the real system, peak of load-displacement relationship, and a 
post-peak load capacity that has been reduced below a certain percentage of the peak load value, 
respectively. Illustrations of these damage limit state points and the method for deriving them are 
provided using the definitions by Park, as shown in Appendix A.2.  
 
The results of damage estimation methods in HAZUS are used to estimate a wide variety of loss 
assessment components including: 
 i. casualties due to structural damage, including fatalities 
ii. monetary losses due to building damage, including cost of reparing or replacing 
damaged buildings, components, and their contents. 




iv. social impacts, such as loss of shelter 
v. additional economic and social impacts 
 
Due to the need to model damage patterns in a region affected by a scenario earthquake for such 
a broad set of purposes, damage predictions must allow the user to understand the nature and 
extent of the physical damage to a building from the damage prediction output such that life-
safety, societal function, and monetary losses that result can be estimated. Building damage is 
thus described in terms of components, including nonstructural components of buildings. 
 
Building damage varies from “none” to “complete” as a continuum of building deformations. 
Generalized ranges of damage are used to describe structural and nonstructural damage in this 
methodology since it is not practical to describe the damage as a continuous function. The 
methodology predicts a structural and nonstructural damage state in terms of one of the four 
ranges of damage or damage states: Slight, Moderate, Extensive, and Complete. For example, the 
slight damage range extends from the threshold of first experiencing slight damage up to the 
threshold of first encountering levels of damage that could be classified as moderate. This means 
that the range prior to the slight limit state is classified as the no damage region, while anything 
after the final limit state is classified as complete damage. General descriptions of these damage 
states are provided for each of the 36 building types defined in HAZUS-MH (National Institute 
of Building Sciences, 2003), with the URM descriptions listed below. The damage predictions 
resulting from this estimation method are then expressed in terms of the probability of the where 
the building will lie within these four damage limit states. 
 
- Slight Structural Damage: Diagonal, stair-step hairline cracks on masonry wall 
surfaces; larger cracks around door and window openings in walls with large 
proportion of openings; movements of lintels; cracks at the base of parapets.  
 
- Moderate Structural Damage: Most wall surfaces exhibit diagonal cracks; some of 
the walls exhibit larger diagonal cracks; masonry walls may have visible separation 





- Extensive Structural Damage: In buildings with relatively large area of wall 
openings most walls have suffered extensive cracking. Some parapets and gable end 
walls have fallen. Beams or trusses may have moved relative to their supports.  
 
- Complete Structural Damage: Structure has collapsed or is in imminent danger of 
collapse due to in-plane or out-of-plane failure of the walls. Approximately 15% of 
the total area of URM buildings with Complete damage is expected to be collapsed. 
 
 
These four points result in the classification of five regions of damage realized by the structure 
under inspection. The first region is that of no damage, for behavior occurring prior to first 
yielding and stiffness reduction of the building, and the following four regions correspond to 
achieving a state beyond that of the performance point defined for that region, and are given the 
same name as the limit state threshold the defines that point. This results in regions classified as 
none, slight, moderate, extensive, or complete damage according to component damage. 
 
3.6.2. Proposed Limit State Definitions 
 
In this study, four damage limit state thresholds also defined, and in the interest of maintaining 
consistency with the notation used in HAZUS, these are labeled slight, moderate, extensive, and 
complete damage. As before, a building is considered to have entered the region of damage 
defined by the label of the limit state threshold if the displacement exceeds this value. If the 
displacement of the limit state does not exceed the lowest threshold value of slight damage then 
the damage of the structure lies in is referred to as “none”. 
 
The parameters used to define these threshold values on the capacity diagrams differ from the 
component definitions described in HAZUS, and are dependent on the overall structural 
performance of the building. This was necessary in order to define limit states from a variety of 
experimental and analytically based data. The definitions are defined in consideration of the 
characteristics of each capacity diagram, and are as follows. The “slight” limit state is defined as 
the first yield of the structure, and is selected as the first significant change in slope of the 
capacity diagram. The “moderate” limit state is determined by the yield point, which is 
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calculated as the yield point of the equivalent elasto-plastic system with energy absorption 
equivalent to that of the real system. The “extensive” limit state is the average spectral 
displacement value between the moderate and complete limit states defined. This was chosen as 
a more accurate method of distributing limit states than the peak spectral acceleration value of 
the curve, which was often very close to or synonymous with the ultimate point of the curve. 
This ultimate point of the curve is the defined location of the “complete” limit state threshold 
value.  
 
The four performance levels are determined from each of the capacity curves that has been 
derived from the database in this study. Values from structures in each building category are 
averaged and stored as the threshold values for damage levels occurring in each building 
category as determined in the capacity spectrum method that is to be employed. An example of 
the distribution of these threshold values and average values for all buildings of one height and 
seismic design group category are displayed in Figure 3.5. Table 3.5 displays the average limit 
state threshold values for all building categories defined in this study. Seismic design 








Figure 3.5 Limit State Threshold Values Plotted and Averaged for a Set of Curves 
 
 
Table 3.5 Spectral Displacement Limit State Threshold Values 
 
Spectral Limit State Threshold Values (in) 
Building Category  Slight  Moderate Extensive Complete 
URM1 ‐ Low Code  0.0384 0.0994  0.1723  0.2452 
URM1 ‐ Moderate Code  0.0212 0.0565  0.1697  0.2828 
URM1 ‐ High Code  0.0290 0.0705  0.1672  0.2638 
URM2 ‐ Low Code  0.1996 0.3481  0.4833  0.6185 
URM2 ‐ Moderate Code  0.0758 0.192  0.4081  0.6243 
URM2 ‐ High Code  0.0516 0.1550  0.3338  0.5160 
URM3 ‐ Low Code  0.1615 0.3947  0.6042  0.8138 
URM3 ‐ Moderate Code  0.1056 0.2769  0.5296  0.7824 




When these limit state threshold values are compared to the damage state threshold values 
defined in HAZUS-MH (National Institute of Building Sciences, 2003) reproduced in Table 3.6, 
the same observation as was made in Section 3.2.2 can be made here regarding the overly 
generous assessment of displacement capacity of URM buildings resulting from opinion-based 
building supply definitions in HAZUS. 
 
Table 3.6 HAZUS-Defined Damage Limit State Threshold Values 
Damage State Threshold Values (in)
Pre‐Code Low‐Code
Building Category Slight Moderate Extensive Complete Slight Moderate Extensive Complete
URML 0.32 0.65 1.62 3.78 0.41 0.81 2.03 4.73
URMM 0.5 1.01 2.52 5.88 0.63 1.26 3.15 7.35
 
 
In summary, the uncertainty introduced into loss assessment due to accurate representation of 
capacity is achieved through various methods of analytical and experimental evaluation of 
structure from each building category and seismic design level.  A database is assembled and 
limit states for each category are averaged, creating a more reliable representation of the true 
structural behavior of the buildings than can be obtained through the use of capacity diagrams 
based in expert opinion such as those currently employed in HAZUS. The limit states in this 
study are based on well defined criteria with engineering significance that make the performance 
at these points as close to the equivalent of true behavior as possible for each building category 
prior to its use in the capacity spectrum method that is to be employed. 
 
3.7. SEISMIC DESIGN LEVELS 
 
Seismic design levels provide an indication of the anticipated resiliency of a structure in the 
event of a significant earthquake. In code of practice, when details of structural design are 
known, URM design categories are dependent on components such as amount of openings and 
dimensions of spandrels and piers, which provide lateral force resisting components to a 
structural system, indicating that more than simply gravity load is considered for such buildings.  
When structural details are not known, older buildings are assumed to not be conforming to 
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modern code provisions, and are assigned to a no-code or pre-code design level, indicating 
extreme vulnerability and potentially severe failure in a significant seismic event. 
 
Often, when seismic design level is addressed, the first components considered are concepts such 
as ductility. Though it is true of most building typologies to assess the seismic design level of a 
building according to this and other related parameters, this is not convenient for assessing the 
resiliency of a URM structure during strong shaking. It is commonly acknowledged that building 
damage is primarily a function of building displacement rather than force, with an important 
exception for cases of brittle systems and acceleration-sensitive elements. URM buildings are 
both brittle and short-period structures that are acceleration-sensitive. Therefore, seismic design 
levels based solely on displacement-based categorization methods fail to capture the unique 
behavior of these structures. The seismic design categories used in HAZUS and those proposed 
in this study, along with the methods for defining them, are discussed in the following sections. 
 
3.7.1. HAZUS Seismic Design Categories 
 
In terms of seismic design levels, each building type given in Table 3.1 Summary of Building 
Types (National Institute of Building Sciences, 2003) is assigned one of four categories for 
seismic design level in HAZUS. These four categories are pre-code, low code, moderate code, 
and high code. The latter three are defined by the Uniform Building Code, UBC (International 
Conference of Building Officials, 1994) and the pre-code designation is therefore assigned to 
structures built prior to the time where seismic design was required.  Capacity curves and 
fragility curves for each of these levels of seismic design are based on modern code (e.g., 1976 
Uniform Building Code, 1985 NEHRP Provisions, or later editions of these model codes). 
















Pre‐Code 0 1  
 
The capacity and fragility curves represent each of these building classes designed and 
constructed to modern seismic code provisions. Study areas from sources such as census tracts of 
recent construction are modeled using building damage functions with a seismic design level that 
corresponds to a defined zone or map area. For example, older areas not conforming to modern 
standards are modeled using a lower level of seismic design. In contrast, in areas of high 
seismicity such as California, buildings of newer construction (post-1973) are represented by 
High-Code damage functions, while older construction is represented by Moderate-Code 
functions if built after 1940. Pre-Code damage functions are applied to any building that predates 
1940. 
 
The building damage functions represent specific cells of a three by three matrix that defines 
three seismic design levels (High, Moderate and Low) and, for each of these design levels, three 
seismic performance levels (Inferior, Ordinary and Superior), as shown in Table 3.8. For 
completeness, cells representing special buildings (essential facilities) are also included in the 
matrix, though not considered in this study. Table 3.8 also defines the approximate structural 
strength and ductility attributes of buildings occupying each of the nine cells. The design level is 
defined by Seismic Zones of the Uniform Building Code (UBC), since most buildings in the 









Table 3.8 Seismic Design and Performance Levels of Default Building Damage Functions 
 
Seismic Design




































Table 3.9 relates UBC seismic zones to seismic design regions of the NEHRP Provisions. It also 
provides guidance for selecting appropriate building damage functions based on building 
location (i.e., seismic region) and building age. The years shown as break-off points are very 
approximate and may not be appropriate for many seismic regions. It is noted that they are 
particularly unable to accurately describe the disparity in regions of low and moderate seismicity 
where seismic codes have not been routinely enforced. 
 




Zone 4 High‐Code Moderate‐Code Pre‐Code
(Map Area 7) (W1 = Moderate‐Code)
Zone 3 Moderate‐Code Moderate‐Code Pre‐Code
(Map Area 6) (W1 = Moderate‐Code)
Zone 2B Moderate‐Code Low‐Code Pre‐Code
(Map Area 5) (W1 = Low‐Code)
Zone 2A Low‐Code Low‐Code Pre‐Code
(Map Area 4) (W1 = Low‐Code)
Zone 1 Low‐Code Pre‐Code Pre‐Code
(Map Area 2/3) (W1 = Low‐Code) (W1 = Low‐Code)
Zone 0 Pre‐Code Pre‐Code Pre‐Code





The building capacity curves are constructed based on estimates of engineering properties that 
affect the design, yield, and ultimate capacities of each model building type. These properties are 
shown graphically in Figure 3.6 and defined by the following parameters as given in HAZUS-
MH: 
 
- Cs, the design strength coefficient (fraction of building’s weight),  
- Te, the true “elastic” fundamental-mode period of building (seconds),  
- α1, the fraction of building weight effective in push-over mode,  
- α2, the fraction of building height at location of push-over mode displacement,  
- γ, the “overstrength” factor relating “true” yield strength to design strength,  
- λ, the “overstrength” factor relating ultimate strength to yield strength, and  
- μ, the “ductility” factor relating ultimate displacement to λ times the yield 




Figure 3.6 Capacity Curve with Engineering Properties Plotted (National Institute of Building Sciences, 2003) 
 
  
The design strength Cs is approximately based on the lateral force design requirements of current 
seismic codes (e.g. 1994 NEHRP Provisions). The requirements are a function of the seismic 
zone location, soil site conditions, type of lateral force resisting system, and period of the 
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building. For each of the four design levels, design capacity is based on the best estimate of 
typical design properties. It is assumed that building period, pushover mode parameters, and the 
ratio of yield to design strength and ultimate to yield strength are independent of the design level.  
 
The tables provided in the HAZUS-MH MR3 Technical Manual (National Institute of Building 
Sciences, 2003) for design strength coefficient Cs and ductility parameter μ are provided in Table 
A.50 and A.51 in Section A.3.1 of the Appendices. You can see in these two tables that there is 
no distinction in the code building capacity design strength or ductility parameters for URM 
buildings, and no definition of High or Moderate levels of seismic design, implying that the 
developers of the categories considered URM buildings generally incapable of sufficiently 
sustaining moderate or high seismic input levels. The values for these seismic design capacities 
and ductility factors indicate that there is currently no distinction made in terms of strength or 
deformation capacity between Pre-Code and Low-Code URM buildings, and that under the 
HAZUS seismic design level definitions, URM buildings are not permitted to be classified as 
High-Code or Moderate-Code levels based on the definitions provided. This essentially results in 
the use of one set of parameters defining seismic design level for all URM structures. 
 
3.7.2. Proposed Seismic Design Levels 
 
It has been shown that the methodology for seismic design classification used in HAZUS is more 
suitable for structures that are not brittle systems or composed of acceleration-sensitive elements. 
It is also evident that there is little distinction made in the parameters used to define seismic 
design levels of URM buildings based on strength or deformation capacities.  It is therefore 
decided that the URM buildings in this study will be classified in relation to the performance of 
other URM buildings. It is more beneficial to distinguish within the URM building category 
whether a structure is low-code, medium-code, or high-code seismic design in relationship to 
other structures of the same building class. This is also more natural than providing comparison 





There was not a strong enough delineation found in the limit state definitions for URM buildings 
in HAZUS to justify separating the buildings into four categories as the other types of building 
systems are in HAZUS. Therefore, according to the description below, URM buildings were 
categorized relative to one another into three simple categories of low, moderate, and high 
seismic use groups. The design categories are redefined according to their strength capacities, as 
is appropriate for brittle acceleration-sensitive buildings.  As simple method is used to estimate 
periods of structures present in the database, which are mapped onto a response spectra to get 
force demand.  This force demand is then divided into the force supply calculated as a scaled 
value of normalized base shear resisted by the structures in the database. This ratio provides a 
coefficient used to separate buildings in each height category of the database into the three 
defined seismic design levels. Further explanation of this procedure is described below. 
 
The proposed method for categorizing the structures into appropriate seismic groups involves a 
combination of force demand and force resistance (supply) of the URM buildings in the form of 




=  (3.12) 
 
In order to determine seismic force demand, periods were determined for each individual 
building according to IBC equation for estimating the natural period of a structure based on 
material, type of structural system, and height. The equations referred to in IBC come from 
ASCE-7 Section 9.5.2.8  
 
 ( )xt nT C h=  (3.13) 
 
where x  is 0.75, h  is the height of the top level of the structure, and tC  is 0.055 for URM 
structures when h  is given in meters (0.02 if given in English units). 
 
These periods, provided in Table 3.10, are subsequently plotted onto the standard design 
response spectra from ATC-3-06 with 5% damping, which is shown in Figure A.72. The spectra 
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is defined by the parameters provided in Table A.52, and is built by the equations provided in 
Appendix A.3.2. Plotting the period onto the response spectra provides the corresponding 
spectral acceleration for the structure that is used in determining force demand. In order to 
estimate force resistance, the formulation for design elastic response acceleration at short 
periods, DSS , as given in section 1615.1.3 of the IBC must be examined. The seismic design 
categories A-F as defined in the IBC are based on this design elastic response acceleration value 
at short periods, depending on the seismic use group as shown in Table A.53. The relationship 





=  (3.14) 
 
where bV  is base shear, W is weight of the structure, and R is the force reduction factor.   R can 
be assumed to be constant, where R=1.25 for URM according to IBC 1.13.2.2 (ACI 530) for all 
plain masonry shear walls since there is no reinforcement contributing to the structural systems. 
Equation (3.14) can be solved for   DSS and which, when substituted into Equation (3.12) as the 
acceleration used to obtain force supplied (i.e. force resistance), yields the following resulting 
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The parameters calculated in this procedure are provided in Table 3.10 for each of the buildings 
in the database, which displays the seismic design coefficients developed and the resulting 
seismic group category to which the building is assigned. A plot of the seismic design 
coefficients calculated for each of the curves in the database is shown below in Figure 3.7. Upon 
observation, the distinctly larger design coefficients for one-story URM structures stand out in 
contrast to low coefficients for the three-story buildings. Two-story buildings can generally be 
identified between these two categories as well. Cutoff values for seismic design coefficient 
classification are determined for selection of seismic design level classification within each 




Table 3.10 Parameters Developed in Seismic Design Classification Procedure and Resulting Categories 
 
Index # Source Keyword No. Stories Period (sec) Demand ‐ Sa (5%) Supply ‐ (Vb/W)*(R/1.2) Seismic Coefficient Seismic Group*
1 RISK‐UE 1 0.125 2.4 0.355 0.154 Moderate
2 RISK‐UE 1 0.125 2.4 0.415 0.180 High
3 RISK‐UE 1 0.125 2.4 0.326 0.142 Low
4 RISK‐UE 1 0.125 2.4 0.413 0.180 High
5 RISK‐UE 1 0.125 2.4 0.317 0.138 Low
6 RISK‐UE 1 0.125 2.4 0.266 0.116 Low
7 RISK‐UE 1 0.125 2.4 0.390 0.169 Moderate
8 RISK‐UE 1 0.125 2.4 0.447 0.194 High
9 RISK‐UE 1 0.125 2.4 0.370 0.161 Moderate
10 RISK‐UE 1 0.125 2.4 0.417 0.181 High
11 RISK‐UE 1 0.125 2.4 0.338 0.147 Moderate
12 RISK‐UE 1 0.125 2.4 0.286 0.124 Low
13 RISK‐UE 2 0.21 2.5 0.187 0.075 Low
14 RISK‐UE 2 0.21 2.5 0.284 0.114 High
15 RISK‐UE 2 0.21 2.5 0.176 0.071 Low
16 RISK‐UE 2 0.21 2.5 0.160 0.064 Low
17 RISK‐UE 2 0.21 2.5 0.194 0.078 Low
18 RISK‐UE 2 0.21 2.5 0.231 0.092 Moderate
19 RISK‐UE 2 0.21 2.5 0.298 0.119 High
20 RISK‐UE 2 0.21 2.5 0.222 0.089 Moderate
21 RISK‐UE 2 0.21 2.5 0.294 0.118 High
22 RISK‐UE 2 0.21 2.5 0.223 0.089 Moderate
23 RISK‐UE 2 0.21 2.5 0.226 0.091 Moderate
24 RISK‐UE 3 0.29 2.1 0.119 0.057 Low
25 RISK‐UE 3 0.29 2.1 0.185 0.088 High
26 RISK‐UE 3 0.29 2.1 0.113 0.054 Low
27 RISK‐UE 3 0.29 2.1 0.185 0.088 High
28 RISK‐UE 3 0.29 2.1 0.118 0.056 Low
29 RISK‐UE 3 0.29 2.1 0.126 0.060 Low
30 RISK‐UE 3 0.29 2.1 0.153 0.073 Moderate
31 RISK‐UE 3 0.29 2.1 0.239 0.114 High
32 RISK‐UE 3 0.29 2.1 0.155 0.074 Moderate
33 RISK‐UE 3 0.29 2.1 0.240 0.115 High
34 RISK‐UE 3 0.29 2.1 0.146 0.069 Moderate
35 RISK‐UE 3 0.29 2.1 0.149 0.071 Moderate
36 Comparitive Analysis 2 0.25 2.5 0.242 0.097 Moderate
37 Dynamic Response 2 0.1 2.15 0.268 0.124 Low
38 Dynamic Response 2 0.1 2.15 0.153 0.071 Low
39 Siesmic Testing 2 0.22 2.5 0.288 0.115 High
40 Siesmic Testing 2 0.22 2.5 0.265 0.106 High
41 Cyclic Testing 1 0.125 2.3 0.517 0.225 High
42 Cyclic Testing 1 0.125 2.3 0.401 0.174 Moderate
43 NDT Confirmation 1 0.125 2.3 0.337 0.146 Low
44 NDT Confirmation 1 0.125 2.3 0.343 0.149 Low
45 NDT Confirmation 1 0.125 2.3 0.490 0.213 High
46 NDT Confirmation 1 0.125 2.3 0.516 0.224 High







Figure 3.7 Plot of Seismic Design Coefficients for Database 
 
The complete set of buildings from all sources in the database is again provided in Table 3.11 
Summary of Buildings Included in Database with Seismic Design Groups Defined1, this time 
indicating the seismic design level ascribed to each of the curves with structural details included 
for comparison. Again, it should be noted that the seismic design groups are categorized within 
each height group, so a three-story moderate code building is not considered to have the same 
seismic resiliency as a one-story moderate code building. Seismic design classifications should 
therefore only be compared within the same building height category. 
 
There are several important features to note regarding the relationship between different design 
levels of each building category in the database and their limit states. In the database, unlike the 
HAZUS approach, buildings considered high code do not necessarily have higher levels of 
ductility, but are classified as having high lateral load resistance levels due to their strength. This 
can be seen in the threshold values given in Table 3.12, which was also provided in the 




Table 3.11 Summary of Buildings Included in Database with Seismic Design Groups Defined 
Index # Source Keyword No. Stories Type of Test Details Seismic Group*
1 RISK‐UE 1 Analytical Weaker mortar, small openings**, x Moderate
2 RISK‐UE 1 Analytical Weaker mortar, small openings, y High
3 RISK‐UE 1 Analytical Weaker mortar, medium openings, x Low
4 RISK‐UE 1 Analytical Weaker mortar, medium openings, y High
5 RISK‐UE 1 Analytical Weaker mortar,medium openings, y Low
6 RISK‐UE 1 Analytical Weaker mortar, large openings, y Low
7 RISK‐UE 1 Analytical Stronger mortar, small openings, x Moderate
8 RISK‐UE 1 Analytical Stronger mortar, small openings, y High
9 RISK‐UE 1 Analytical Stronger mortar, medium openings, x Moderate
10 RISK‐UE 1 Analytical Stronger mortar, medium openings, y High
11 RISK‐UE 1 Analytical Stronger mortar, medium openings, y Moderate
12 RISK‐UE 1 Analytical Stronger mortar, large openings, y Low
13 RISK‐UE 2 Analytical Weaker mortar, small openings, x Low
14 RISK‐UE 2 Analytical Weaker mortar, small openings, y High
15 RISK‐UE 2 Analytical Weaker mortar, medium openings, x Low
16 RISK‐UE 2 Analytical Weaker mortar, medium openings, y Low
17 RISK‐UE 2 Analytical Weaker mortar, large openings, y Low
18 RISK‐UE 2 Analytical Stronger mortar, small openings, x Moderate
19 RISK‐UE 2 Analytical Stronger mortar, small openings, y High
20 RISK‐UE 2 Analytical Stronger mortar, medium openings, x Moderate
21 RISK‐UE 2 Analytical Stronger mortar, medium openings, y High
22 RISK‐UE 2 Analytical Stronger mortar, medium openings, y Moderate
23 RISK‐UE 2 Analytical Stronger mortar, large openings, y Moderate
24 RISK‐UE 3 Analytical Weaker mortar, small openings, x Low
25 RISK‐UE 3 Analytical Weaker mortar, small openings, y High
26 RISK‐UE 3 Analytical Weaker mortar, medium openings, x Low
27 RISK‐UE 3 Analytical Weaker mortar, medium openings, y High
28 RISK‐UE 3 Analytical Weaker mortar, medium openings, y Low
29 RISK‐UE 3 Analytical Weaker mortar, large openings, y Low
30 RISK‐UE 3 Analytical Stronger mortar, small openings, x Moderate
31 RISK‐UE 3 Analytical Stronger mortar, small openings, y High
32 RISK‐UE 3 Analytical Stronger mortar, medium openings, x Moderate
33 RISK‐UE 3 Analytical Stronger mortar, medium openings, y High
34 RISK‐UE 3 Analytical Stronger mortar, medium openings, y Moderate
35 RISK‐UE 3 Analytical Stronger mortar, large openings, y Moderate
36 Comparitive Analysis 2 Analytical 1‐bay, large openings Moderate
37 Dynamic Response 2 Analytical 3/8 Scale, Door Wall Low
38 Dynamic Response 2 Analytical 3/8 Scale, Window Wall Low
39 Siesmic Testing 2 Experimental Full Scale, Door Wall, Old Urban Construction High
40 Siesmic Testing 2 Experimental Full Scale, Window Wall, Old Urban Construction High
41 Cyclic Testing 1 Experimental Reclaimed Brick, "Old" Mortar, 1.5 Ratio High
42 Cyclic Testing 1 Experimental Reclaimed Brick, "Old" Mortar, 1 Ratio Moderate
43 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied Low
44 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied Low
45 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied High
46 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied High
47 NDT Confirmation 1 Experimental Extracted Wall, Scaling Applied Moderate






Table 3.12 Limit State Threshold Values According to Height and Seismic Design Classifications 
Spectral Limit State Threshold Values (in)
Building Category Slight Moderate Extensive Complete
URM1 ‐ Low Code 0.0384 0.0994 0.1723 0.2452
URM1 ‐ Moderate Code 0.0212 0.0565 0.1697 0.2828
URM1 ‐ High Code 0.0290 0.0705 0.1672 0.2638
URM2 ‐ Low Code 0.1996 0.3481 0.4833 0.6185
URM2 ‐ Moderate Code 0.0758 0.192 0.4081 0.6243
URM2 ‐ High Code 0.0516 0.1550 0.3338 0.5160
URM3 ‐ Low Code 0.1615 0.3947 0.6042 0.8138
URM3 ‐ Moderate Code 0.1056 0.2769 0.5296 0.7824
URM3 ‐ High Code 0.1493 0.2882 0.4292 0.5703
 
 
It should be noted that threshold values for low seismic design are not necessarily lower than for 
high code levels for a given height group. This seems at first to be counterintuitive to our 
understanding of seismic design level, but the explanation is that it requires a higher intensity of 
earthquake to reach a displacement-defined damage limit state of the high code design level than 
is required to satisfy the same damage limit state for a lower level of design group. This is due to 
the significant difference in strength levels between the groups. In other words, the same ground 
motion will result in larger responses and higher damage limit states for a lower level code 
building than for a high code building, due to the strength of the structure. 
 
Building capacity has now been thoroughly addressed, including the development of pushover 
curves from various studies in literature, and the conversion of these curves into capacity 
diagrams for use in structural assessment. Methodologies used in HAZUS for defining limit state 
characteristics and seismic design categories have been explored, and with these strengths and 
weaknesses in mind, a set of procedures have been introduced for use of these parameters and 




CHAPTER 4: EARTHQUAKE DEMAND 
 
The second component of fragility analysis, the demand imposed on the building stock by the 
earthquake, is investigated in this chapter. As mentioned previously in the literature review 
Section 2.3.2, there are several methods of representing the lateral forces imposed on structures 
due to the seismic motion of the ground. The most accurate and rigorous of these methods is by 
using accelerograms, which are chosen for implementation in this study. These ground motion 
time histories are used because they are capable of reflecting many features of earthquakes such 
as source distance, depth, site condition, type of fault rupture, and other useful parameters. These 
characteristics allow for an accurate representation of earthquake demand to be made with the 
use of a manageable number of records with specified attributes. 
 
Variability in ground motion representation will introduce large levels of uncertainty into the 
method for fragility analysis when compared to variations in determining capacity and modeling 
techniques. It is therefore critical to the accuracy of the loss-assessment that the outcome of the 
fragility analysis is based on selection of appropriate ground motion records. The more precisely 
that the set of records can match the expected event, the more reliable the resulting analysis and 
assessment will be. 
 
4.1. SOURCE CHARACTERISTICS OF CENTRAL USA 
 
Ground motion characteristics vary depending upon the type of fault, the nature of seismic 
events, and the geological composition of the surrounding area. There is little difference in 
ground motion characteristics from region to region for seismically active areas. This is due to 
the fact that these areas generally exist on or near inter-plate boundaries that are fragmented and 
desiccated. This results in a rapid attenuation of strong ground motion that can allow for natural 
time histories of high seismicity zones to usually be carried over to other high seismicity zones 
without introducing significant error, as long as there is general consistency in magnitude, 
distance and depth to source, fault mechanism, and site conditions. This is not true, however, for 
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strong motions representing intra-plate regions such as the CEUS, which is compose of much 




4.2. SYNTHETICALLY DERIVED ACCELEROGRAMS 
 
As noted before, the CEUS is a low probability and high consequence earthquake region. Due to 
the first aspect, the natural earthquake records available are very sparse, and there are no natural 
records that can represent a large magnitude event. As a result, synthetically derived 
accelerograms developed by Fernandez (2007) and based on the stochastic method by Boore 
(2003) are utilized to represent the strong ground motion to be used in loss assessment for the 
CEUS. 
 
In the study composed by Fernandez, probabilistic ground motion records were synthetically 
generated for the seven cities located within the Upper Mississippi Embayment, including 
Memphis, TN. The motions developed for this city are employed in this study, and contain 
ground motion records corresponding to two different classifications of site condition.  The soil 
properties that characterize “lowlands” and “uplands” site conditions represent soft soils and 
competent rock, respectively. A map of the seven cities treated in this study, along with the 








These records are compatible with the uniform hazard spectra previously developed by Rix and 
Fernandez (2006). In this study, the authors incorporated the effects of uncertainties in the 
source, site, and path characteristics, along with the effect of nonlinear soil behavior in 
developing ground motion attenuation relationships. These relationships were derived using 
regression analysis of the spectral accelerations from a point-source based ground motion model, 
though directivity effects are not accounted for. The uncertainties considered were both 
epistemic, due to lack of knowledge, missing information, and errors in modeling, and aleatory, 
due to the fact at many of the factors that affect the resulting relationships are inherently random. 
This process includes the weighted average of three attenuation relationships, particularly Atkins 
and Boore (1995), Frankel et al. (2000) and Silva et al. (2003). For further details on the 
development and considerations made in the generation of these synthetic time histories, see Rix 
and Fernandez (2006, 2007). 
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4.3. GROUND MOTIONS AND SCALING 
 
The Upper Mississippi Embayment has very unique attenuation relationships due to the presence 
of soft soil sediment deposits which can vary in thickness from a few feet to up to 4,000 feet.  
These ground motion attenuation relationships are employed in the derivation of uniform hazard 
spectra for the Memphis region. The records for the city of Memphis, TN were selected to 
represent the required characteristics of earthquakes originating from the NMSZ, and different 
sets of shaking are provided for the two soil profiles. Taking these unique properties, along with 
the competency of the bedrock throughout the CEUS, into consideration helps to significantly 
improve the predictions of variability of ground motions due to site-specific effects. 
 
The probabilistic ground motions developed in the study are based on hazard levels with 10%, 
5%, and 2% probability of exceedance in 50 years. These probably levels correspond to return 
periods of 475, 975, and 2475 years. Each set of ground motions contains ten acceleration time 
histories each for lowlands and uplands soil profiles. The set of synthetically derived 
accelerograms representing an event with a 975 year return period are selected for use in this 
study. The rationale behind selecting the event with 5% probability of exceedance in 50 years is 
to select a size of event that minimizes the amount of scaling of the records to reach failure of the 
structures. This is because excessive scaling of records can cause alterations to the characteristics 











Figure 4.3 Example Acceleration Time History for Uplands Soil Profile 
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Table 4.1 Single Peak Value Representations of Earthquake Records 
Peak Values of Earthquake Record Sets 
   Lowlands  Uplands 
Record  PGA (g)  PGV (in/s)  PGD (in)   PGA (g) PGV (in/s)  PGD (in) 
1  0.204  13.58  6.94  0.201  9.01  3.85 
2  0.212  10.73  5.88  0.224  12.05  7.55 
3  0.185  8.79  6.90  0.230  17.36  11.55 
4  0.207  10.87  7.03  0.226  11.24  6.18 
5  0.198  9.82  11.62  0.198  9.81  12.34 
6  0.237  17.39  18.18  0.239  13.77  23.95 
7  0.192  7.81  6.12  0.275  9.74  8.40 
8  0.208  9.51  10.68  0.223  13.61  14.42 
9  0.178  17.59  7.32  0.213  13.49  5.49 
10  0.213  16.35  6.44    0.250  15.60  13.40 
Mean  0.203  12.244  8.712  0.228  12.568  10.712 




An example time history for the third record for both soil sites, the lowlands and uplands 
profiles, are shown in Figure 4.2 and Figure 4.3 respectively. The entire set of ten records for 
each soil profile can be viewed in Appendix B. Defining characteristics such as peak ground 
acceleration (PGA), peak ground velocity (PGV), and peak ground displacement (PGD) of these 
synthetic records are summarized in Table 4.1. The ground motion records are initially scaled 
such that the peak PGA value is equal to unity, and are subsequently scaled by 0.05 with 
increasing steps of 0.05 up to the maximum structural resistance of the most resilient buildings in 
the database. Scaling is based on PGA due to the known fact that short period structures 
(fundamental periods of less than 0.5 seconds), are sensitive to changes in PGA. Likewise, 
moderate length of period structures (0.5 sec – 3.0 sec) are influenced by PGV and long period 
structures ( >3.0 sec) are primarily affected by levels of PGD.  Due to the short period of all 
URM buildings in the database, scaling by PGA is adopted out of simplicity of use and in order 
to minimize the spectral dispersion across the low period range. These selected time histories are 




The elastic response spectra with 5% damping for these records are provided in Figure 4.4 
through Figure 4.9, and include the mean curve for each spectral parameter and soil type. The 
response spectra are plotted in three different formats, each with the spectral values of 
acceleration, velocity, or displacement plotted against period domain. Spectral acceleration is an 
absolute value, while spectral velocity and displacement are relative measurements. Spectral 
representation of the demand allows insight that cannot be obtained simply by examining time 
histories because it reveals characteristics of the earthquake motion which can indicate how 
likely the ground motion is to excite the resonant behavior of certain structures at a specific 
location.  
 
The components of an earthquake that are most strongly reflected in the response spectra for an 
event are earthquake magnitude, source to site distance, and local soil site conditions. Other 
factors which can also influence the shape of the response spectra are source mechanism, 
directivity of rupture, and wave travel path, but the following discussion will only consider the 
insight gained through observing the effects of magnitude, distance, and site conditions. 
 
For instance, source to site distance has a distinct effect on the frequency content of the motion. 
Near-field earthquakes have narrowband spectra which generally amplify the response of short-
period structures and far-field earthquakes have broadband spectra which excite buildings over a 
wide range of longer natural periods.  Site conditions affect the amplification of acceleration, 
where soft soils shift the peak of the spectrum to the right toward higher periods, which are 
closer to the predominant mode of vibration for soils with low stiffness. In contrast, hard and 
more competent soils cause the peak of the spectra to lie at lower periods over a more narrow 
pulse-like range as compared to the wider range of peak values in the softer soils. This is 
demonstrated by comparing the uplands soil profile peak (Figure 4.5) at lower period and over a 
narrower range when compared to the response spectra of the lowlands profile (Figure 4.4). 
Clearly the use of response spectra that are specific to the earthquake records being applied are 












































Figure 4.4 Acceleration Response Spectra for Lowlands Soil Profile Records 
 
 






































Figure 4.5 Acceleration Response Spectra for Uplands Soil Profile Records 
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Figure 4.6 Velocity Response Spectra for Lowlands Soil Profile Records 
 
 







































Figure 4.7 Velocity Response Spectra for Uplands Soil Profile Records 
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Figure 4.8 Displacement Response Spectra for Lowlands Soil Profile Records 
 
 







































Figure 4.9 Displacement Response Spectra for Uplands Soil Profile Records 
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Figure 4.10 Composite Spectra for Lowlands Soil Profile Records in Acceleration-Displacement Format 
 
 






































Figure 4.11 Composite Spectra for Uplands Soil Profile Records in Acceleration-Displacement Format 
81 
 
In addition, the representation of spectral displacement versus period domain is fundamental for 
displacement based design, and improves on the use of design spectra for this purpose because 
the use of design spectra will provide unrealistic estimates for displacement demands of some 
structures. Representing spectral displacement against acceleration displacement domain is 
necessary for use of the capacity spectrum method, and the composite spectra shown in Figure 
4.10 and Figure 4.11 with spectral acceleration plotted against spectral displacement are in the 
same format as the capacity diagrams developed in Section 3.2. Seismic demand representation 
in this format allows for the graphical procedure of the CSM where structural capacity and 
seismic demand are plotted together and iterated on to find performance points that represent 
structural response, a procedure that will be discussed more fully in the following chapter. 
 
The uncertainty introduced by the representation of seismic demand is characterized by the 
variability of the ground motions presented in this chapter. The components of the ground 
motions that create this aleatoric uncertainty are the random dispersion of site conditions, 
frequency content, duration of record, and time varying amplitude along with levels of PGA, 
PGV, and PGD.  It has been shown that these characteristics of the synthetically generated 
ground motions are compatible with the seismic characteristics of the NMSZ and the 
geotechnical characteristics of the Upper Mississippi Embayment. The ground motions reflect 
magnitude, source to site distance, and site condition, the three major components that contribute 
to the level of damage experienced at a site. Therefore it can be concluded that these 
accelerograms provide the most accurate available representation of seismic hazard in the CEUS. 
These records will comprise the seismic demand input data used in the structural assessment 










Now that we have developed a database to accurately represent the structural capacity of URM 
buildings, and have introduced a set of input motions that adequately characterize the ground 
motion and attenuation relationships relevant to the CEUS, we can use a methodology for 
structural assessment to obtain response data. The intersection of capacity of buildings (supply) 
and earthquake demand are used to obtain the results which are later statistically evaluated in 
order to generate the desired fragility relationships.  In this chapter, the various available 
methodologies for structural assessment are presented and an advanced capacity spectrum 
method developed by MAEC is introduced and selected for use in this study. The methodology 
used is of significant importance in that it must provide an accurate prediction of displacement 
response of the structures under consideration as an analytical evaluation of the two inputs 





















5.1. REVIEW/OVERVIEW OF CAPACITY SPECTRUM METHOD 
 
As building capacity has been represented initially by pushover curves and then converted to 
equivalent capacity diagrams, a method similar to CSM is necessary for the assessment of 
structural responses. The following sections briefly consider and discuss the various forms of 
CSM in the literature. The conclusions from a procedure performed by Gencturk (2007) are 
summarized to illustrate the capabilities and accuracies of these various forms of CSM as they 
relate to the structural response assessment. Following, an advanced form of CSM that was 
developed at the MAE Center is introduced and proposed for use in this study. 
 
There are numerous methods used to evaluate the response of structures based on the seismic 
input and structural building capacity.  Of particular interest to earthquake engineers is the ability 
to determine the displacement demand that is imposed on a structure expected to deform beyond 
its elastic range. Nonlinear Static Procedures (NSP) are often employed for this purpose due to 
their ability to offer an ideal combination of accuracy and simplicity, as opposed to the rough 
approximation of linear static procedures, and the complexity of nonlinear dynamic methods. 
NSP has found greater applicability due to the increased use of displacement based design 
methods in earthquake engineering.  Significant research has been performed to further improve 
the ability of NSP to provide displacement predictions with reasonable accuracy and limited 
computation costs.  
 
CSM is the most extensively used type of NSP due to its ability to provide rapid assessment of 
the relationship between supply and demand, in addition to its visual nature. Although CSM has 
been widely accepted following its recommendation in ATC-40, and extensively investigated, 
having multiple improvements proposed and implemented, many of the currently available 
variants of the method still are unable to perform satisfactorily for certain applications. Some 
shortcomings include non-convergence, incompatibility between capacity and demand diagrams, 
and excessive overestimation of displacement demand.  
 
An advanced variant of the CSM which utilized inelastic response history analysis is proposed 
by Gencturk (2007) as a method that yields more reliable and accurate results while addressing 
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the issues listed above for other methods. This advanced CSM method is selected for use in this 
study. 
 
5.1.1. Variants of the CSM 
As was discussed in Section 2.3.3 of the literature review, CSM was first proposed by Freeman 
et al. (1975) and Freeman (1978). After appearing in ATC-40 (Applied Technology Council, 
1996) it had generated enough interest to spark several additional studies and a variety of 
proposed improvements. Following are discussion of four previously developed versions of CSM 
 
i) CSM in ATC-40 
ii) CSM with Inelastic Design Spectra 
iii) CSM with Equivalent Elastic Spectra from Damping Models 
iv) Advanced CSM 
 
5.1.1.1. CSM in ATC-40 
 
There are three analogous yet separate procedures, Procedure A, B, and C, proposed in the 
original CSM (Applied Technology Council, 1996). Procedure A is the direct application of 
CSM involving iterative updating of a bilinear representation of building capacity based on a 
selected performance point. Procedure B does not involve updating the bilinear representation 
and uses a different method to determine structural performance. In Procedure A, the demand 
diagram is reduced based on equivalent damping determined by the trial performance point until 
convergence is satisfied. In Procedure B the performance point is obtained by intersecting the 
capacity diagram and a “constant period curve” constructed by connecting points obtained for a 
given SDOF system with different ductility values and pre-established period. Procedure C is a 
graphical method, and cannot be applied through programming.  
 
Procedure A is reported to fail in satisfying convergence criteria in some cases (Chopra and 
Goel, 1999, 2000; Lin et al., 2004a) and Procedure B lacks updating the bilinear representation 
of the capacity diagram. It has also been observed that CSM in ATC-40 underestimates the 
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displacement demand for most cases considered (Chopra and Goel, 1999, 2000; Kim et al., 2005; 
Fragiacomo et al., 2006). It is also confirmed in Gencturk, 2007 that even though a combined 
procedure using methods of Procedures A and B with updating of bilinear representation is 
capable of yielding the displacement demand for each bilinear representation, underestimation of 
displacement demand and non-convergence issues are still problematic for this method.  
 
5.1.1.2. CSM using Inelastic Design Spectra 
 
The direct use of inelastic design spectra in place of equivalent linear systems has been proposed 
by several authors, first  Bertero (1995) and Reinhorn (1997), later Fajfar (1999) and finally by 
Chopra and Goel (1999, 2000). The suggestions include obtaining inelastic design spectra from 
respective elastic spectra through the use of force reduction factors. Chopra and Goel used 
reduction factors from a variety of studies including Newmark and Hall (1982), Krawinkler and 
Nassar (1992), and Vidic et al. (1994). The results obtained from the CSM with each of the 
inelastic design spectra derived from these different force factors were shown to vary up to 50% 
on the non-conservative side as compared to results obtained from the CSM methods proposed in 
ATC-40. 
 
This version of CSM is not suitable for use in this study since force reduction factors can only be 
used for reducing design spectra. Therefore, in the same way as the CSM methods of ATC-40, 
CSM using Inelastic Design Spectra cannot be applied to assess structures subjected to specific 
earthquake records. Another limitation that comes out of the use of force reduction factors is due 
to the way that these factors are derived for systems with elasto-plastic (EP) force-deformation 
relationships and minimal levels of strain hardening. Though this limitation is not of specific 
concern for many URM structures, in developing a robust framework it should be noted that 
other structural systems will develop significant strain hardening values. It has been shown that 
if strain hardening is increased by 10% that a difference in the force reduction factor of 
approximately 20% will be observed (Rahnama and Krawinkler (1993). If significant strain 
hardening occurs for structures under consideration, then updating of the bilinear representation 
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with the version of CSM using Inelastic Design Spectra would introduce an unacceptable level of 
error into the solution. 
 
An assessment was performed in by Gencturk (2007) in attempt to overcome this incompatibility 
occurring between the capacity and demand diagrams by using a single EP representation 
according to the equal energy principle for each diagram. The assessment was performed on 
woodframe structures with strain hardening values of up to 25%. CSM force reduction factors 
were used from ATC-40 (Applied Technology Council, 1996), Newmark and Hall (1982), 
Krawinkler and Nasser (1992), Vidic et al. (1994) and Miranda and Bertero (1994). The results 
obtained still displayed a significant sacrifice in accuracy using this method of CSM. 
 
5.1.1.3. CSM using Equivalent Elastic Spectra from Damping Models 
 
An alternative to the methods of CSM in ATC-40 was proposed by Reinhorn (1997), Lin and 
Chang (2003), Lin et al. (2004a), and Kim et al. (2005) which proposed an improvement to 
previous versions of CSM using equivalent viscous damping models from different studies 
available in literature. Lin and Chang (2003) used damping models from Iwan and Gates (1979), 
WJE (1996), and Kowalsky et al. (1994b) to show that the inaccuracies observed in the results of 
Chopra and Goel (1999, 2000) due to updating of bilinear representation for unrepresentative EP 
models could be minimized. A comparison of different ductility damping relationships are 
performed for a test case in Gencturk (2007) and details are provided for each of the damping 
models. 
 
It is shown that unlike the previous versions of CSM already introduced, CSM with equivalent 
elastic spectra from damping models is able to predict displacement demands of a structure 
subjected to specific earthquake records. The properties of the inelastic system can be used to 
calculate the damping and period for the equivalent linear system. These two parameters are used 
to derive the over-damped elastic demand diagram, and iterating against the capacity diagram 
provides a performance point at the intersection of the two curves. Bilinear representation of the 
capacity diagram is updated based on the trial performance point, similar to the ATC-40 
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methodology. Although this method of CSM provides the best estimates for displacement 
demand of the version of CSM considered thus far, it still underestimates the structural response 
for regions of elastic behavior and shows convergence errors due to ductility damping 
relationships converging to a constant value of damping as ductility increases for high levels of 
nonlinearity. This results in poor approximations for displacement response under strong ground 
motions. This deficiency is also reported by Shinozuka et al. (2000), Lin and Miranda (2004) and 
Kim et al. (2005). 
 
5.1.1.4. Advanced CSM developed at MAEC 
 
In an attempt to overcome the difficulties encountered in the other CSM methods as described 
above, an advanced CSM method for nonlinear static analysis is proposed by Gencturk (2007).  
The method is based off of concepts introduced for vulnerability analysis of RC structures by 
Rossetto and Elnashai (2005), although the method had not been used to assess full-scale 
structures using experimental data. In order to provide better estimates for structural response, 
inelastic dynamic analysis is performed on SDOF systems that are represented by bilinear force-
displacement relationships. Although contrary to the original CSM of ATC-40, where only 
equivalent linear systems with applied static procedures are used for simplicity, the 
computational time necessary to perform nonlinear time history analysis of SDOF systems is 
minimal and thus can be implemented. This method eliminates the error introduced by 
approximating the system as linear, using design spectra in lieu of actual spectra, and using force 
reduction factors that introduce error when strain hardening is present. 
 
Displacement demand on the structure is determined using the advanced CSM as follows: 
 
 i. A set of trial performance points are chosen along the capacity diagram 
ii. Similar to CSM in ATC-40 and CSM using equivalent elastic spectra with 
damping models, a bilinear representation is developed for each of the trial 
performance points (Figures C.2 and C.3). 
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iii. Peak responses of the bilinear SDOF systems are obtained using nonlinear time 
history analysis. Kinematic hardening behavior is assumed for hysteretic response 
(Figure C.4). 
iv. The intersection of the curve created by joining the points found in Step iii with 
the capacity diagram yields the displacement demand imposed on the structure. 
 
As for the previous methods of CSM, a test case was performed to assess the performance of the 
advanced method described above. It was found that the advanced method yielded the least 
overall error in assessing two variations of structures under multiple ground motions. In addition, 
convergent solutions were obtained for all of the considered cases 
 
5.1.2. Differing Results and Selection of Method 
 
Each of the versions of CSM are therefore assessed, using a standard set of case structures and 
ground motions. The details of the test case and the results observed can be further examined in 
the work by Gencturk (2007). The shortcomings listed above are noted for the first three 
methods, and point toward the advantages of the advanced CSM developed at the MAE Center.  
 
The advanced CSM proves to be the single most dependable option for inelastic assessment of 
structures. Use of SDOF systems accurately represented by bilinear relationships avoids 
computationally expensive inelastic dynamic analysis of more complex MDOF systems. This 
method eliminates the error introduced by approximating the system as linear, using design 
spectra in lieu of actual spectra, and using force reduction factors that introduce error when strain 
hardening is present.  Convergence of solutions is also possible even under severe shaking, thus 






5.2. CONCLUSIONS ON METHODOLOGY FOR STRUCTURAL 
ASSESSMENT 
 
CSM has been introduced as the methodology for structural assessment to obtain response data 
of the URM structures considered in this study. The intersection of the capacity of buildings 
(supply) and earthquake demand are used to obtain the results which are later statistically 
evaluated in order to generate the desired fragility relationships. CSM is the most extensively 
used type of NSP used to provide this assessment of the relationship between supply and demand 
of structures. Although the method has been widely accepted following its recommendation in 
ATC-40, and extensively investigated, multiple improvements have been proposed and 
implemented to improve accuracy and ensure convergence, culminating the most recent 
development of an advanced CSM method developed at the MAE Center. 
 
This advanced CSM, which incorporates the use of nonlinear time history analysis, was 
compared to other available versions of the CSM and found to be the most desirable for use in 
this study. Updating of bilinear representations of capacity diagrams is adopted for increased 
accuracy in assessment and inelastic dynamic time history analysis can be performed with 
minimal computation intensity. Finally, the Advanced CSM procedure for deriving performance 
points, analogous to Procedure B in the CSM method from ATC-40, is chosen because it ensures 
convergence. 
 
There are however limitations to the proposed advanced method, due to the inherent assumptions 
of CSM. One shortcoming is the inability to fully represent MDOF structures as SDOF systems. 
A non-negligible level of error could be introduced if there are significant torsional effects in the 
original MDOF system due to eccentricities between mass and stiffness in either plan or 
elevation of the structure. As noted in Gupta and Krawinkler (2000), errors are also introduced in 
this representation if higher mode effects are present in the structure. Another shortcoming of the 
CSM is that it relies on pushover curves to define building capacity. As described in detail in 
Chapter 3, pushover analysis does not capture higher mode effects or local effects such as soft 
stories. Pushover curves may also differ significantly in push and pull directions or in orthogonal 
directions of a building, which is why regularity of structures is used as criteria in selecting the 
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database of curves used in the framework of this study. Multiple directions of loading are also 
considered in the database. 
 
If the above approximations can be executed with satisfactory representation of the real 
structures, as is the case for the set of buildings selected for the database of this study, the 
proposed version of the advanced CSM provides reliable and accurate results for determining the 
displacement demands imposed on structures that are behaving beyond the elastic range. The 
advanced method provides the greatest computational ease, accuracy of assessment, and 
assurance of convergence. The results obtained through this method of assessing the 
performance points at the intersection of building capacity and earthquake demand are now used 








In this chapter, the methodology for generating fragility curves will be investigated and 
discussed. Fragility curve generation is a specific form of statistical analysis performed on the 
results obtained from the structural response assessment discussed in Chapter 5. The data is a 
representation of the variance in building capacity under numerous ground motions as assessed 
using the Advanced CSM method. This section comprises the final component of the proposed 
framework for fragility analysis and the results yield the desired relationship between damage 
probability and ground input, which is the main goal of this study. 
 
It is the objective of this study to provide parameters that lead to an improved method generating 
fragility relationships for URM building stock in a format that can be universally applied to 
future earthquake hazard and loss assessment studies. The most common form of expressing 
fragility relationships is to display the exceedance probabilities of certain damage thresholds as a 
function of the ground input demand. This ground input is most often in terms of parameters 
such as PGA, PGV, or spectral displacement at a certain period. This format will be referred to 
as “conventional” fragility relationships. A second and less prominent format for displaying 
vulnerability curves is considered here due to its use in HAZUS (National Institute of Building 
Sciences, 2003), where the exceedance probabilities are plotted as a function of the structural 
response of the buildings. This format will be referred to as “HAZUS-compatible” fragility 
relationships. The methodology and derivation of each of these formats, conventional and 
HAZUS compatible, is provided in Sections 6.2 and 6.3, respectively. 
 
6.1. CATEGORIES FOR FRAGILITY CURVE SETS 
 
Prior to performing the probabilistic assessment of the structural response data, decisions are 
made concerning the disparity in behavior of structures in the database. A wide variety of 
92 
 
building models representing different building heights, construction techniques, material 
strengths, and structural configurations results in unique behavior. Decisions on the methods and 
degree of classifications applied in presenting fragility relationships are made considering two 
criteria. The first criterion is the distinct characteristics observed in the capacity of structures, 
primarily the overall strength and deformation behavior and capacities. Secondly, it is taken into 
consideration the available data that a loss estimator may have on the URM buildings under 
consideration. The following considerations resulted in generating and presenting fragility curves 
that are categorized according to height and the seismic design categories developed in this 
study. 
 
First, it can be observed from the capacity diagrams in the database, that the significant 
differences in strength and deformation characteristics of the buildings are primarily correlated 
with the overall height of the structure, and thus it was decided that buildings would be classified 
according to one, two, or three story URM structures. The height classification is of higher 
resolution that currently employed in HAZUS, which lumps one and two story URM buildings 
into the low rise masonry category, and considers all other masonry buildings to fall into the 
medium-rise category. It was actually found that the differences in structural behavior between 
one and two story buildings are even more distinct than those between the two and three story 
buildings. Similar assessments are made elsewhere in the literature as well. The RISK-UE 
typology matrix is criticized in Kappos (2002) where it was noted that the single-story and two-
story buildings of the same material are grouped into a single category (M3.4L) which was not 
considered a good idea given the “distinctly different properties of the corresponding capacity 
curves” observed in that study. Building height information is available in most inventories, and 
is the most critical aspect to consider in presenting the fragility relationships due to the large 
variance in behavior across these three categories. Although there are no buildings larger than 
three stories in the database of this thesis, the rare instances where a URM building is built to 
four or more stories can intuitively be most closely modeled by the three-story fragility curves. 
In addition, it there is a diminishing level of difference observed with the correlating increase in 




The second distinction made in representing fragility relationships is the  use of the seismic 
design categories developed in Section 3.7.2  that are based on the ratio of building supply over 
demand. This method recognizes the important qualities of URM buildings, including brittle 
behavior and acceleration-sensitive components. While it is commonly acknowledged that 
building damage is primarily a function of building displacement rather than force, the important 
exception for cases of brittle systems and acceleration-sensitive elements. Therefore, rather than 
using seismic design levels based solely on displacement-based categorization methods that fail 
to capture the unique behavior of these structures, strength based methods are taken into 
consideration. The final seismic design categories that result from this procedure are low-code, 
moderate-code, and high-code groups. In the absence of structural data in a building inventory 
being used for loss assessment, it can be assumed that older building and buildings in areas with 
no seismic design provisions will be classified as low-code. Newer buildings and those in 
geographical locations with basic guidelines for seismic design will be classified as moderate, 
while any building built in an area with stringent seismic design code after the date of the code 
being issued, will classify as high-code. If the degree of knowledge of the end user is lacking, 
then the average moderate-code level or conservative low-code level may be selected for the 
entire building stock. If the loss assessment does take into account both the building height and 
the strength-based seismic design level, the end result will be an improved set of fragility curves 
based in true structural behavior that can be appropriately applied to a wide variety of URM 
buildings. 
 
6.2. CONVENTIONAL FRAGILITY CURVES 
 
Conventional fragility curves aim to calculate closed-form equations that will relate seismic 
excitation parameters such as PGA, PGV or spectral displacement at a certain period to a damage 
state of a building. In this study, the ground motion records are scaled according to PGA, due to 
the influence of PGA on the behavior of short period structures such as URM buildings. 




The methodology presented by Wen et al. (2004) is adopted for fragility curve derivation in 













⎛ ⎞−⎜ ⎟= −Φ⎜ ⎟+ +⎝ ⎠
 (6.1) 
 
Where ( )iP LS GMI  is the probability of exceeding a particular limit state given ground motion 
intensity (GMI ). [ ]•Φ  is the standard normal cumulative distribution function, iCLλ is the natural 
logarithm of the limit state threshold value for the selected limit state i , CLβ  is the uncertainty 
associated with the limit state threshold values (which is taken to be 0.3 in this study), Mβ  is the 
uncertainty associated with the modeling of the structure (which is also taken to be 0.3 in this 
study), while D GMIλ  and D GMIβ  are defined below in Equations (6.2) and  (6.3), respectively. 
 
 ( )1 2ln lnD GMI a a GMIλ = +  (6.2) 
 
 


















The constants 1a  and 2a  are obtained through a linear regression analysis as shown in Figure 6.1, 
D GMIβ  is the square root of the standard error of the data, where n  is the number of data points. 
With this uncertainty taken into account, the probability of exceeding each limit state given the 
GMI scaling can be computed according to Equation (6.1). The distribution of structural 
response data under each scaling of PGA input are shown in Section C.2.1 of the Appendix. The 
probability of exceeding each limit state is plotted for every level of ground motion as shown in 
the figures in this section, and it is these data points that are fitted to a lognormal distribution 
with two parameters of mean and standard deviation.  The conventional fragility curves 
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developed from the structural response data from this study will be presented in Section 7.1.  
These curves can be compared to any other set of fragility relationships that plot probability of 
exceedance against PGA that are available in the literature for URM structures. 
 
 
Figure 6.1 Linear Regression Analysis of Structural Response Data 
 
 
In is important to note that for most conventional fragility relationships, there are only three limit 
state threshold values defined, as opposed to the four used in HAZUS compatible fragility 
relationships. The method with three values is common in that they represent the three society-
level consequences that result from earthquake hazards. The definitions are thus directly 
correlated to the socio-economic concerns regarding serviceability and continued use of 
facilities, limited economic loss, and ultimately life loss prevention. As a result, if the fragility 
relationships developed in conventional format should demand the use of three limit states for 
application to specific studies or loss assessment software packages, three appropriate limit states 
out of the four defined in this study could be chosen. The extensive and complete collapse limit 
states are very close due to URM behavior, as will be discussed further in Section 7.1, and as a 
result it is natural to combine them in order to represent the final socio-economic limit state of 
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life loss prevention. The impact assessment software platform used at the MAE Center, MAEviz, 
utilizes three limit states in correlation with the socio-economic situations described above to 
define four damage regions; i.e. minor, moderate, severe, and collapse. 
 
6.3. HAZUS-COMPATIBLE FRAGILITY CURVES 
 
HAZUS is the predominate loss assessment software used in the USA. As opposed to the 
conventional fragility relationships where the horizontal axis is related to ground motion 
intensity, HAZUS-compatible fragility relationships relate exceedance probabilities with 
structural response in terms of spectral parameters. Therefore, in order to be able to make 
comparisons and provide the means to determine the parameters of the improved fragility 
relationships for URM buildings, it is necessary to derive HAZUS-compatible fragility 
relationships alongside the conventional relationships that are used in most other applications. 
 
The fragility relationships in HAZUS are given by the following equation: 
 
 ( ) ( )




⎡ ⎤⎛ ⎞= Φ ⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (6.4) 
 
where dS  is the structural response variable, iLS  is the threshold value for the 
thi  limit state, and 
( )tot iβ  is given by: 
 
 ( ) [ ]( ) ( )2 2,tot C D LSi iiCONVβ β β β⎡ ⎤ ⎡ ⎤= + ⎣ ⎦⎣ ⎦  (6.5) 
 
where ( )LS iβ  is the uncertainty associated with the limit state threshold values (which is taken to 
be 0.4 in HAZUS), while Cβ  and Dβ  are the uncertainty associated with the building capacity 
and imposed earthquake demand, respectively. Finally, [ ]( ),C D iCONV β β  is the combined 
uncertainty associated with the capacity and demand, and is obtained by convolution.  The 
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convolution procedure (Kircher et al., 1997; Whitman et al., 1997) is described as follows, with 
the two terms assumed to be independent and total uncertainty calculated by square-root-of-sum-
of-squares (SRSS). 
 
As discussed, the HAZUS-compatible fragility curves relate exceedance probabilities to 
structural response in terms of spectral parameters. The only information needed to compose this 
relation is the combined uncertainty of capacity and demand as expressed by the 
[ ]( ),C D iCONV β β  term of Equation (6.5). This term is obtained through the same “convolution” 
procedure used in Gencturk (2007), explained using the visual representation from this previous 
study as shown below. 
 
The method is explained in a format that is applicable for use of structural response data. This 
data is obtained from analysis of the range of demands considered for the varying capacities of 
structures in the database via the methodology for structural assessment. Figure 6.2 was 
developed to visualize this procedure. The structural response data as plotted as shown on the 
left. Each of the points on the figure have a GMI value associated with it, this plot can be 
converted to the format shown on the right by plotting the spectral displacements against each 
associated GMI value.  
 
 
Figure 6.2 Deriving HAZUS-Compatible Fragility Relationships, Response Data in AD Format (left) and Plotted 




The spectral displacement values referred to here are distinct from the spectral displacements 
occurring at a certain period, which can be used as a GMI parameter. These spectral 
displacement values refer to the structural performance in each scenario. An example of this 
form of plotting with data included can be seen in Figure 6.3 where each data indicator lies along 
the vertical line of equivalent ground motion parameter. This plot includes the structural 
response of all buildings not driven far beyond the complete collapse range by the ground motion 
input, thus the reason for the decreasing data points present with increasing ground motion. 
 























Results of GMI vs. Sd for 1-story URM buildings remaining intact
 
Figure 6.3 Example of Structural Response Data Plotted Against GMI (1-Story URM Buildings) 
 
The probability of exceeding each damage state is obtained by counting the number of data 
points with a spectral displacement value greater than a particular limit state threshold for an 
individual ground motion parameter and dividing by the total number of data points.  It is 
possible to do this because the limit states are defined in terms of spectral displacement. This 
generates four probability values at every scaling of the GMI. These four probability values are 
placed at the given spectral displacement values on the probability vs. spectral displacement plot. 
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A lognormal distribution is then fitted to the data points for each of the damage states. This is 
accomplished using the distribution parameters of median and standard deviation. The standard 
deviation value is equal to the combined uncertainty of the capacity and demand, as expressed by 
the convolution term [ ]( ),C D iCONV β β in Equation (6.5). Thus the total uncertainty can be 
obtained and the fragility curves can be drawn according to Equation (6.4). The full set of plots 
showing distribution of response parameters with scaling of ground motion, along with initial 
plots of the four probability values at each scaling of the GMI are shown for both conventional 
and HAZUS-compatible curves for the entire set of curves developed in Appendix C.2. The 
HAZUS-compatible fragility curves developed from the structural response data from this study 
will be presented in 7.2. HAZUS COMPATIBLE FRAGILITY CURVES  These curves can be 
compared primarily to the HAZUS-derived fragility relationships that plot probability of 
exceedance against structural response data in the form of spectral displacement of URM 
structures. 
 
The resulting fragility relationships in both conventional and HAZUS-compatible formats are 
presented in the following chapter. Attributes of the curves are explained within each set, and the 
structural characteristics of URM that are revealed by each method of fragility representation are 
discussed. Curves are then compared to HAZUS-defined fragility relationships and other sets of 







CHAPTER 7: RESULTS AND DISCUSSION 
 
 
This chapter presents and discusses the results that follow from integrating the improved 
analytical methodologies for assessing building capacity, representing seismic demand, 
performing structural assessment, and generating fragility curves as laid out in this study. The 
results are a set of improved fragility relationships for URM buildings. This set of improved 
fragility relationships for URM buildings provides insight into the true behavior of URM 
buildings. These curves have been smoothed using lognormal distribution with two parameters. 
As explained in Section 6.1, the categories represented are divided according to one, two, and 
three or more stories, and low-code, medium-code, and high-code seismic design categories. 
This results in nine sets of fragility curves, one for each combination of building height class and 
seismic design category. Both conventional and HAZUS-compatible fragility relationships are 
displayed, and each format includes four curves for each of the two soil site conditions 
considered in this thesis. 
 
An improved simulation-based framework for relating ground motion intensity to the probability 
of reaching discrete structural damage levels has been developed for unreinforced masonry 
buildings. In the following sections, the resulting curves in the formats described above are 
presented in conventional and HAZUS-compatible formats, and their implications are discussed. 
 
7.1. CONVENTIONAL FRAGILITY CURVES 
 
The resulting fragility curves in conventional format are presented in this section. Conventional 
curves plot the probability of exceeding the structural limit state threshold values as a function of 
ground motion intensity, in this case PGA. Each plot shows fragility curves for the four limit 
state thresholds, displayed for both soil profiles considered in this study. The lowlands soil 
profile are the soft sites, while the uplands profile are for the more competent rock sites. The 




Table 7.1 Parameters that Define the Conventional Fragility Relationships for Lowland Soil Sites 
 
Building
Category Mean Beta Mean Beta Mean Beta Mean Beta
1‐Story, Low‐Code 0.140 0.401 0.279 0.197 0.355 0.183 0.390 0.194
1‐Story, Med‐Code 0.170 0.407 0.344 0.150 0.483 0.136 0.529 0.176
1‐Story, High‐Code 0.217 0.407 0.405 0.182 0.542 0.180 0.595 0.169
2‐Story, Low‐Code 0.128 0.489 0.192 0.380 0.251 0.286 0.273 0.247
2‐Story, Med‐Code 0.136 0.363 0.233 0.244 0.321 0.168 0.359 0.203
2‐Story, High‐Code 0.133 0.368 0.279 0.225 0.390 0.172 0.436 0.251
3‐Story, Low‐Code 0.048 0.377 0.145 0.209 0.192 0.189 0.215 0.208
3‐Story, Med‐Code 0.062 0.327 0.183 0.195 0.251 0.177 0.273 0.145
3‐Story, High‐Code 0.126 0.420 0.215 0.372 0.285 0.284 0.331 0.226




Table 7.2 Parameters that Define the Conventional Fragility Relationships for Upland Soil Sites 
 
Building
Category Mean Beta Mean Beta Mean Beta Mean Beta
1‐Story, Low‐Code 0.135 0.430 0.301 0.168 0.387 0.118 0.432 0.149
1‐Story, Med‐Code 0.180 0.386 0.372 0.170 0.516 0.122 0.569 0.179
1‐Story, High‐Code 0.218 0.425 0.435 0.200 0.586 0.142 0.638 0.126
2‐Story, Low‐Code 0.140 0.480 0.220 0.329 0.286 0.245 0.316 0.208
2‐Story, Med‐Code 0.140 0.349 0.267 0.207 0.363 0.151 0.414 0.148
2‐Story, High‐Code 0.133 0.381 0.310 0.211 0.447 0.115 0.489 0.125
3‐Story, Low‐Code 0.055 0.407 0.184 0.230 0.230 0.199 0.258 0.178
3‐Story, Med‐Code 0.066 0.326 0.216 0.143 0.283 0.116 0.302 0.142





Mean and standard deviation values generated by the procedures in the preceding chapter are 
provided in Table 7.1 and Table 7.2 for lowlands and uplands soil profiles respectively. The 
conventional fragility relationships constructed based on these parameters are displayed 
graphically in Figures 7.1-7.9. As has been previously explained, the probability of reaching 
limit state thresholds is plotted against the seismic input characteristics in terms of PGA. This 
causes the resulting fragility curves to behave as anticipated. It can be observed that with higher 
seismic design levels for the same building height category, more intense ground shaking is 
required to reach a specific limit state when compared to buildings of lower seismic design 
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levels. This is because the parameters used to define seismic design level were strength-based 
parameters. Probability of exceedance plotted against PGA is natural for URM buildings because 
PGA of the ground results in inertial forces generated in structures due to their mass. URM 
structures are sensitive to PGA, and thus their response under seismic loading is best categorized 
by strength-based parameters. The reverse can also be said, that this characteristic of failure upon 
exceedance of force capacity is one of the primary reasons that URM structures are considered 
sensitive to PGA. This behavior can be observed for each of the building height categories. The 
resulting visual effect upon observation of the fragility curves is an apparent shift to the right of 
each curve of the same building height category with an increase of the seismic design level 
category. 
 
As an example, the low-code, 1-story fragility relationship shows 50% probability of exceedance 
of the slight damage limit state for a seismic event of around 0.14g for either soil profile, 
whereas the high-code, 1-story relationship shows 50% probability of exceedance of the limit 
state for a seismic event of around 0.22g. The increase in level of excitation necessary to achieve 
the same probability of damage for increasing seismic design level is even more pronounced for 
the extensive and complete limit state threshold values. In these cases, a high-code building may 
require an event with 0.2g PGA greater than that of a low-code building of the same height 
category in order to achieve the same probability of exceedance for the extensive or complete 










































































































































Figure 7.3 Conventional Fragility Curves for 1-Story High Code URM Buildings 
 
 
Another important characteristic that will be observed in each of the sets of fragility curves 
generated is the proximity of the extensive and complete limit state curves. It can be observed for 
all building height categories and all seismic design levels that these latter two limit state 
parameters are spaced much more closely together than the other limit states. This is indicative 
of the brittle nature of the structures. The structural criteria used to define exceedance of the 
extensive limit state occurs half way between the yield of the structure according to equal energy 
principles, and the ultimate limit state definition was the termination of the capacity curve, 
indicating the inability of the structure to carry significant load. A brittle structure by definition 
does not exhibit ductile characteristics, and fails soon relative to its yield and peak strength 
characteristics in relation to other types of less brittle structural systems. Naturally, the limit state 
threshold indicating collapse follows very soon after the structure reaches the extensive damage 
limit state threshold. This relatively sharp increase in severity of the damage state of the structure 
for a small increase in the PGA of an event is an ideal representation of the brittle failure of 






































































































































Figure 7.6 Conventional Fragility Curves for 2-Story High Code URM Buildings 
 
 
A trend that becomes quickly apparent upon examining and comparing the sets of curves from 
each height category is that there is a noticeable decrease in the PGA input values required to 
bring the buildings of each respective seismic design category to the limit state thresholds, 
particularly in the case of extensive and complete damage levels. For example, for medium-code 
buildings, in increasing order from one to three stories, the approximate level of PGA required to 
reach complete collapse state regardless of soil profile is approximately 0.55g, 0.38g, and 0.27g 
with increasing height. This demonstrates the relative strength of one-story URM buildings in 
comparison to taller structures with roughly the same material properties, floor plans, and wall 
openings. In addition, it can be noticed that the greatest change in these values occurs in the 
transition between one and two story buildings, with a smaller step down in total seismic demand 
resisted before reaching a common limit state when comparing the two and three-story fragility 
relationships. This provides further support for the separation of building height categories that 











































































































































Figure 7.9 Conventional Fragility Curves for 3-Story High Code URM Buildings 
 
 
Finally, it should be noted that for each of the building height categories and seismic design 
groups, the buildings sitting on the upland soil profile required a greater input PGA to achieve 
the same probability of exceedance of each limit state as an identical building sitting on the 
softer lowlands soil profile. This indicates that the URM buildings in this study are more 
vulnerable when located at sites with softer soil when subjected to the seismic scenario 
considered for this region. 
 
It has been shown that the simulation-based fragility curves presented in conventional format are 
capable of representing several attributes of URM buildings, including their brittle nature, 
strength-based behavior, and sensitivity to PGA input, along with the effects of changes in 
building height and level of seismic design. Given that the conventional fragility relationship 
format presented here is applicable to many seismic loss assessment procedures used around the 
world, this set of relationships that accurately reflects the true behavior of URM buildings are a 





7.2. HAZUS COMPATIBLE FRAGILITY CURVES 
 
The resulting fragility curves in HAZUS-compatible format are presented below. Each plot 
shows fragility curves for the four limit state thresholds, displayed for both soil profiles 
considered in this study. As discussed in Section 6.1, the three height categories are one, two, 
and three storey are each split into three seismic design code categories, resulting in a set of nine 
total plots as follows. 
 
Mean and standard deviation values generated by the procedures in the preceding chapter are 
provided in Table 7.3 Parameters that Define the HAZUS-Compatible Fragility Relationships for 
Lowland Soil Sites and Table 7.4 for lowlands and uplands soil profiles respectively. The 
HAZUS-compatible fragility relationships constructed based on these parameters are displayed 
graphically in Figures 7.10-7.18. Probability is plotted in relation to the structural response in 
terms of spectral displacement. The HAZUS compatible curves appear counterintuitive because 
an increase in design level does not increase the limit state parameter reached when plotted in 
terms of displacement. This is due to the fact that the seismic design level of URM buildings is 
defined by strength parameters and not in terms of ductility as is common with most other 
building types. It is the necessity of using strength-based criteria rather than deformation-based 
criteria for seismic design categories that make the representation of conventional curves more 
intuitive than that of HAZUS-compatible fragility curves. Still, the relationships between the sets 
of curves according to the same types of classifications can be examined and will yield 
information that provides insight into the vulnerability of the building stock modeled by the 












Table 7.3 Parameters that Define the HAZUS-Compatible Fragility Relationships for Lowland Soil Sites 
 
Building
Category Mean Beta Mean Beta Mean Beta Mean Beta
1‐Story, Low‐Code 0.057 0.402 0.134 0.211 0.170 0.134 0.182 0.131
1‐Story, Med‐Code 0.031 0.582 0.087 0.358 0.176 0.224 0.200 0.241
1‐Story, High‐Code 0.038 0.415 0.101 0.334 0.162 0.275 0.187 0.259
2‐Story, Low‐Code 0.295 0.285 0.386 0.206 0.452 0.156 0.481 0.168
2‐Story, Med‐Code 0.138 0.498 0.285 0.311 0.427 0.182 0.480 0.142
2‐Story, High‐Code 0.084 0.383 0.213 0.352 0.353 0.202 0.401 0.217
3‐Story, Low‐Code 0.266 0.224 0.535 0.160 0.697 0.229 0.777 0.241
3‐Story, Med‐Code 0.160 0.231 0.416 0.188 0.637 0.304 0.743 0.302
3‐Story, High‐Code 0.234 0.293 0.333 0.227 0.394 0.167 0.428 0.143




Table 7.4 Parameters that Define the HAZUS-Compatible Fragility Relationships for Upland Soil Sites 
 
Building
Category Mean Beta Mean Beta Mean Beta Mean Beta
1‐Story, Low‐Code 0.052 0.336 0.137 0.250 0.189 0.130 0.213 0.168
1‐Story, Med‐Code 0.029 0.520 0.088 0.405 0.170 0.314 0.206 0.309
1‐Story, High‐Code 0.039 0.390 0.099 0.401 0.171 0.249 0.195 0.202
2‐Story, Low‐Code 0.297 0.327 0.387 0.316 0.461 0.237 0.499 0.197
2‐Story, Med‐Code 0.123 0.382 0.286 0.299 0.457 0.236 0.527 0.266
2‐Story, High‐Code 0.078 0.363 0.210 0.326 0.383 0.155 0.428 0.093
3‐Story, Low‐Code 0.243 0.215 0.522 0.128 0.608 0.149 0.661 0.129
3‐Story, Med‐Code 0.149 0.140 0.413 0.165 0.621 0.211 0.735 0.072
3‐Story, High‐Code 0.215 0.286 0.342 0.249 0.410 0.100 0.428 0.066




The one-story set of curves display most clearly the observation stated about, as upon 
examination there can be little assessed about the differing behavior of a building based off of 
the seismic design level. This is because the plots are relating probability of exceedance to a 
deformation response and the seismic categories have strength-dependent origins. There is little 
variance in the mean values of exceedance for each of the four damage limit states across this 






































































































































Figure 7.12 HAZUS-Compatible Fragility Curves for 1-Story High Code URM Buildings 
 
 
A characteristic that can be observed in this format that is also shown in the conventional 
fragility curves, is the proximity of the extensive and complete limit state curves. It can again be 
observed for all building height categories and all seismic design levels that these latter two limit 
state parameters are spaced much more closely together than the other limit states. This shows 
once again that a brittle structure by definition does not exhibit ductile characteristics, and fails 
soon after reaching its yield and peak strength characteristics in relation to other types of less 
brittle structural systems. Thus the limit state threshold indicating collapse follows very soon 
after the structure reaches the extensive damage limit state threshold. This is shown explicitly in 
the HAZUS-compatible format, while it must be inferred when examining the fragility 
relationships in the conventional format. There is an obvious increase in severity of the damage 
state of the structure for a small increase in the displacement response of the structures, 
indicating low levels of ductility and accurately representing the brittle failure of URM 
buildings.  Brittle failure occurs when the structure is driven to a displacement that results in 







































































































































Figure 7.15 HAZUS-Compatible Fragility Curves for 2-Story High Code URM Buildings 
 
 
There are a few characteristics that can be observed in the two and three-story URM fragility 
relationships that were not as apparent in the set of curves for one-story buildings. For all of the 
limit state values for these two building height categories, with the slight limit state for three-
story buildings as an exception, the high-code structures reached each of the limit state 
thresholds at a lower spectral displacement than the two low code categories. This caused an 
apparent shift to the left of the fragility curves with increasing seismic design level. Thus, 
although the high-code buildings are appropriately categorized as such due to the ability to 
withstand higher seismic intensities prior to failure, they actually exhibit the most brittle 
response in doing so. This is intuitive as the means of increasing strength in URM structure is 
achieved by the addition of lateral load resisting wall elements, which as a result stiffen the 
structure significantly. This trend is generally consistent across the three seismic design levels, 
with medium-code buildings reaching respective threshold values at lower displacement levels, 
though the trend is not as well defined as that for the high-code structures. These characteristics 





































































































































Figure 7.18 HAZUS-Compatible Fragility Curves for 3-Story High Code URM Buildings 
 
 
One obvious characteristic that is clearly highlighted by representing the fragility relationships of 
the buildings in HAZUS-compatible format is the differing deformational capacities of URM 
structures according to building height. Taller structures reach damage limit thresholds at higher 
spectral displacement values than shorter buildings with similar design characteristics. Clearly, 
an increase in height results in significantly greater roof displacement due to accumulation of 
deformations, which is visible even for stiff and brittle structures. 
 
It should be noted that for each of the building height categories and seismic design groups, there 
is little conclusion that can be drawn for the behavior of buildings sitting on the upland soil 
profile as compared to an identical building sitting on the softer lowlands soil profile. This 
indicates that the URM buildings do not differ significantly in displacement response when 
located at sites with softer soil when subjected to the seismic scenario considered for this region. 
 
It has been shown in displaying the HAZUS-compatible fragility relations that several of the 
same conclusions that were drawn in examining the data plotted in the conventional format can 





nature, strength-based behavior, and lack of deformational capacity, along with the limited 
effects of changes in seismic design on displacement capacity are all observed. However, due to 
the behavior of URM buildings, and the goals of obtaining accurate predictions of building 
responses for different seismic scenarios, it is concluded that the most natural format to represent 
the structural response data obtained in this study is to plot the probability of exceeding specific 
damage limit states in relation to the level of GMI, which was represented in terms of PGA in 
this study 
 
It has been clearly displayed that the most critical responses of the structures, specifically the 
extensive damage and collapse states responsible for loss of life in seismic events, are strength 
dependent. Since the lateral load resisting strength is inextricably related to the ability to resist 
levels of inertial force generated by input accelerations, the relative behavior of URM buildings 
according to the configuration of their structural components is best represented in the 
conventional format. This allows the user to view the differing levels of damage in an intuitive 
way that displays resistance of stronger ground motion as being more likely to be achieved by a 
building that is designed with seismic considerations. 
 
7.3. COMPARISON TO HAZUS-NATIVE FRAGILITIES 
 
The resulting fragility curves from this database are now compared to the fragility curves defined 
by the parameters given in HAZUS for Equivalent-PGA (conventional) and Standard (HAZUS-
compatible) formats. These values for URM buildings are taken from the tables provided in 
Appendix D.2. The full set of fragility curves based on HAZUS-defined parameters can be found 
following the tables provided for each of the two formats. In the following two sections, the 
major differences observed between the curves developed using the methodology in this thesis 






7.3.1. Comparison of Conventional Curves to Equivalent-PGA HAZUS Curves 
 
The curves derived from the HAZUS-defined parameters and expressed in the conventional 
format are provided in this section. Plots are provided in Figure 7.19 and Figure 7.20 that 
compare the characteristics of the fragility function defining the limit state thresholds of 
extensive and complete damage, respectively. These are critical limit states due to the fact that 
they correlate with the social loss of life limit state. The curves compare the results according to 
height for low-code seismic design categories from this study and as defined in HAZUS. In 
Figure 7.21, the curves for each level of seismic design code classification are compared for two-






























































































Figure 7.21 Comparison of Extensive Threshold Curves for 2-Story Buildings 
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It can be observed that the median values in regards to strength to resist a certain levels of 
seismic input are not exceptionally different. However, much larger values of uncertainty are 
present for the HAZUS-based curves, as indicated by the lower slope of the fragility function. 
The result of this high level of uncertainty is that low-levels of shaking will produce higher 
damage levels using the HAZUS-based curves over a short range of seismic demand. However, 
it is important to note that in the more critical regions where severe damage is likely to take place 
due to higher ground motion intensity, the same uncertainty leads to a more pronounced level of 
overconfidence of the performance of structures, and much higher levels of estimated damage 
will be observed for the curves developed in this study. As an example, it can be shown clearly 
in Figure 7.20, that the use of the fragility relationships developed in this thesis for low seismic 
design URM buildings subjected to high levels of ground shaking above 0.4g would yield to 
much higher predictions of building collapse for all building height categories when compared to 
the use of HAZUS-defined functions. It should also be noted that no distinction is made for 
building height in the HAZUS-defined fragility function modeling collapse. 
 
7.3.2. Comparison of HAZUS-Compatible Curves to Standard HAZUS Curves 
 
The curves developed in HAZUS-compatible format that result from this study show even 
greater disparity from the HAZUS-defined functions when displayed in this manner. It has 
already been shown in this thesis, most notably in Section 3.2.2, that the deformational capacity 
allowed by the opinion-based capacity definitions provided in HAZUS is exceptionally 
overestimated. It can be shown in the plots below that, although the strength of shaking resisted 
is within a reasonable range of response as shown in the previous section, that representing 
probability of exceedance for damage limit states according to structural response will yield 































































Figure 7.23 Comparison of Complete Threshold Curves for Low Seismic Design 
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Figure 7.24 Comparison of Extensive Threshold Curves for 2-Story Buildings 
 
 
The structural response needed to obtain the same probability of exceedance for important limit 
states such as extensive and complete damage are orders of magnitude higher for the HAZUS-
based fragility functions. This can be seen in Figure 7.22 and Figure 7.23 for low seismic design 
categories of different heights, and in Figure 7.24 for comparisons of seismic design categories 
for two-story buildings. It should also be noted that the behavior according to seismic design 
categories is opposite in the curves generated from HAZUS parameters due to classifications 
being made according to deformation capacities rather than strength of buildings. 
 
7.4. COMPARISON WITH EXISTING STUDIES 
 
There are numerous studies available in the literature that implement or develop fragility 
relationships in one form or another to calculate the probability of response of structures to a 
certain level of damage. Many are for structural damage, but there are fragility curves for non-
structural damage and for other consequences of seismic hazards. Many sources use three 
damage limit states that map to immediate occupancy (IO), life safety (LS) and collapse 
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prevention (CP). In this study, there are four limit state threshold values of slight, moderate, 
extensive, and complete. Finally, the input that probability of exceedance is mapped against can 
range from ground motion intensity as measured by peak ground parameters, to the response of 
the structure as have been shown in the formats displayed in this thesis. Plotting fragility 
functions occurs most often in the format that has been referred to in this study as conventional. 
This plot of probability vs. PGA is the most common for seen in the literature. Several studies 
that present fragility curves resulting from analytical or experimental procedures are discussed 
below. These studies were selected from the literature because they present fragility relationships 
in this format, and include four limit state threshold definitions.  Each study is compared to the 
results from the curves generated by the methodology of this thesis, and the differences in 
behavior are discussed. 
 
An experimental investigation on the seismic performance of a two story brick masonry home 
with one room in each floor was performed by Bothara et al. (2009). A half-scale building using 
single wythe clay brick masonry laid in cement sand mortar and a conventional timber floor was 
tested under earthquake loading on a shake table in longitudinal and transverse directions. This 
building is designed to represent a typical URM house common in the last century in New 
Zealand. General behavior of the tested building model is discussed and fragility curves are 
developed for unreinforced masonry buildings based on the results of this test. The resulting 
fragility curves are shown in Figure 7.25. Median values are given and lognormal standard 
deviation is assumed to be 0.6 in this study. Due to the high median values, the high-code curves 






Figure 7.25 Fragility Curves from Two-Story URM Building of Bothara et al. (2009) 
 




































These curves show greater strength potential than the curves developed in this study, regardless 
of seismic design category applied to the building. They also show a greater level of uncertainty, 
as can be seen in the slope of the fragility curves. It is thought that the seismic design 
considerations made for the New Zealand construction will be higher than for buildings 
representative of the CEUSA, due to the fact that the region is considered seismically active, 
unlike the low-probability and high-consequence risk for the region considered in this thesis. In 
addition, full-scale bricks were used in the construction of the walls, resulting in a higher flexural 
stiffness and strength of the building, which also may contribute to the high strength. 
 
A different study by Park et al. (2009) performs seismic fragility analysis of a URM low-rise 
building. Fragility curves are developed for a two-story URM building designed to represent a 
typical essential facility such as a firehouse that would be located in the central and southern US 
(CSUS). A structural modeling method is proposed that can be effectively used for fragility 
analysis without significant increase in computational time while still maintaining an acceptable 
level of accuracy in representing the nonlinear behavior of the structure. A set of fragility curves 
are developed, which include different configurations and considerations of the out-of-plane 
walls. In the case examined in this comparison, the out-of-plane walls are modeled in such a way 
that they are fixed and the top and bottom of the walls only. The connection to the in-plane walls 






Figure 7.27 Fragility Curves from Analytical Assessment in Park et al. (2009) 
 
 
The results from this case are shown in Figure 7.27. The fragility analysis reveals that the 
seismic performance of URM buildings is well below the desirable building seismic performance 
level recommended by current seismic codes, indicating high vulnerability of URM buildings 
within the CSUS region. The analytically-based fragility curves developed are compared to those 
of HAZUS (Figure 7.28), showing an improvement on variation of seismic response. It can also 
be noted that many of the same differences shown in this study can be observed between 





Figure 7.28 Comparison of HAZUS-Defined Curves and Those of Park et al. (2009) 
 
 
The analytically generated curves are compared to those developed in the methodology of this 
thesis, as shown in Figure 7.29. The results from Park et al. are compared to the fragilities 
developed for high code two-story buildings from this thesis. High code buildings were used in 
acknowledgement that the complete limit state threshold from Park et al. is exceptionally larger 
than those observed in this study. The other limit states are defined by very similar sets of 
parameters, and it is thought that the effects of out-of plane walls affect the complete collapse 
damage limit state. Although the out-of-plane walls do not provide significant strength to the 
structure, the consideration of strong  connections between the walls would result in greater 






































The final study examined is performed by Rota et al. (2010) introduces a new analytical 
approach for the derivation of fragility curves for masonry buildings. This methodology is based 
on nonlinear stochastic analyses of building prototypes. These structural prototypes are assumed 
to be representative of wider typologies, and the mechanical properties of the prototypes are 
considered as random variables that can vary within a pre-defined appropriate range of values. 
Monte Carlo simulations are used to generate input variables. The model is defined and 
nonlinear analyses are performed. Nonlinear static pushover analyses are used to determine the 
probability density function of the displacement demand corresponding to different levels of 
ground motion. Convolution of the cumulative distribution of demand and probability density 









The building prototype analyzed is a three-story masonry building typical of southern Italy. The 
masonry bearing structure is entirely realized by tuff units, while floors are reinforced concrete. 
RC tie beams are also used to guarantee the connection between the floors and masonry walls. 
The resulting fragility curves are shown in Figure 7.30. A comparison of the fragility curves 
developed from this prototype structure and those from this thesis is made in Figure 7.31. It can 
be shown that the resulting fragility curves match very well with the medium-code three-story 
curves developed in the database. Due to the procedure implemented by Rota et al. in 
representing a wide set of building typologies for three-story buildings by varying mechanical 
properties and other variables, it is natural that the results match very well with the set of curves 



































Figure 7.31 Comparison of Medium-Code 3-Story Database Curves and Analytically Based Curves from Rota et al. 
 
 
The parameters used to draw the fragility curves from sources used for comparison are provided 
in Appendix D.3. It should be noted that while these are all meaningful and well-executed 
methods for generating fragility curves, each of the fragility curves is developed using a specific 
experimental or analytical method to assess the behavior of a particular structure. Although 
efforts are made, particularly in Rota et al. (2010), to provide curves which represent the diverse 
properties that can exist within a particular building category, there is only one methodology for 
assessing structural capacity. The strength of the methodology of this thesis, and the reason that 
the results may differ from these individual studies, is that database is rigorously selected from a 
variety of sources with different analytical and experimental methodologies used to obtain 
capacity estimations that attempt to represent a variety of URM buildings specific to a particular 
region. The curves generated in these three studies further confirms that the results of the 
fragility generation procedure of this thesis are a set of curves that provide accurate probabilistic 
levels of exceedance of damage limit states for URM buildings in the CEUS.
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CHAPTER 8: CONCLUSIONS 
 
An improved simulation-based framework for relating ground motion intensity to the probability 
of reaching discrete structural damage levels has been developed for unreinforced masonry 
buildings. The results are a set of improved fragility relationships for URM buildings that are in 
a format suitable for application in HAZUS or various other loss assessment software packages. 
The framework for developing these relationships is composed of careful selection, definition, 
and execution of building capacity, seismic demand, methodology for structural assessment, and 
methodology for fragility curve generation in order to represent the true behavior of URM 
buildings.  A set of best practices is thereby developed for selection and use of experimental and 
analytical data, input ground motions, analysis of structural capacity, limit state definitions, 
seismic design categories, and probabilistic analysis methods. 
 
Specific focus on URM structures is due to the prevalence of this building class in the CEUS and 
globally, along with the brittle nature of the building typology. It is shown that URM buildings 
account for a large portion of loss of life and livelihood in seismic events, and that the 
consideration of significant building populations of URM structures in developing countries is 
important to mitigating the consequences of future seismic events in these regions. Conclusions 
were drawn throughout the length of this thesis report, and a summary of the major concepts 
discussed throughout the study are subdivided by topic and summarized below.  
 
Collection and Processing of Curves 
 
• Simulation-based pushover curves are selected to model building capacities for the 
database used in this thesis, providing meaningful insight into the behavior of buildings 
under lateral applied load.  
• A database has been carefully constructed to represent the behavior of older URM 
buildings in the CEUS using rigorous selection criteria. Care was taken to ensure 
representation of the building inventory of interest, and compatibility with the 
methodology being implemented. 
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• Pushover curves are taken from experimental monotonic tests, analytical monotonic tests, 
and digitized backbone curves of cyclic tests.  
• Sources include a wide variety of structures including, among other things, building 
heights of 1-3 stories, various sizes of floor plan, varying masonry and mortar strength, 
multiple spandrel and pier dimensions, and differing construction techniques.  
• There is a very reasonable distribution of capacity responses considering the nature of 
URM buildings and the wide array of building parameters and simulation procedures. 
• In converting pushover curves to capacity diagrams in A-D format, the MDOF system is 
replaced with an equivalent SDOF system using assumed mode shapes and modal 
participation factors.  
• Capacity diagrams from the database are compared to those defined in HAZUS. Strength 
characteristics are similar, while HAZUS curves reach displacement limits well beyond 
what is shown in the literature to be attainable for unreinforced masonry structures.  
• It is shown that opinion-based capacity diagrams over-estimate the deformational 
capacities of brittle structures and result in underestimating the casualties and socio-
economic damages experienced from the contribution of the URM component of the 
overall building stock.  
• It is suggested that loss-assessment studies be performed using fragility curves derived 
from building capacities that reflect the behavior noted in this study and in sources used 
for comparison, which are simulation-based and will provide a more accurate 
representation of the behavior of URM structures. 
 
Definition of Limit States and Seismic Design Categories 
 
• Limit states are defined according to drift values and selected in accordance with both 
drift and strength values upon examining the behavior of the structure. These are based 
on characteristics of the capacity diagrams such as sudden changes in stiffness, material 
properties, strength levels and loss of strength.  
• In HAZUS, there are four structural damage limit states: slight, moderate, extensive, and 
complete. The relationships for yield and ultimate point as defined by Park (1988) are 
utilized to determine these threshold levels.  
133 
 
• In this study, the same four damage limit state thresholds are defined for consistency, 
using parameters derived from the characteristics of each capacity diagram.  
• Limit states are averaged across each height and seismic demand grouping, creating a 
more reliable representation of the true structural behavior of the buildings than can be 
obtained through the use of capacity diagrams based in expert opinion.  
• It is commonly acknowledged that building damage is primarily a function of force for 
brittle systems and acceleration-sensitive elements. Therefore, strength-based parameters 
are selected over ductility-based parameters which fail to capture URM behavior. 
• HAZUS-defined seismic design capacities and ductility factors indicate no distinction 
between Pre-Code and Low-Code URM buildings. In addition, URM buildings are not 
permitted to be classified as High-Code or Moderate-Code levels. This essentially results 
in the use of one set of parameters defining seismic design level for all URM structures. 
• In order to provide a more comprehensive set of fragilities, building types are classified 
according to three seismic design levels defined in this study: low, medium and high. 
URM buildings are classified in relation to the performance of other URM buildings 
rather than relative to completely different building typologies.  
• Differentiation in terms of seismic design levels is based on a simple seismic coefficient 
developed for this study, specific to URM application and comprised of the ratio of base 
shear capacity over seismic demand.  
• Seismic design groups in this study are categorized within each height group, such that 
seismic design classifications can only be compared within each building height category.  
• High code buildings do not necessarily reach greater levels of ductility, but are classified 
as having high lateral load resistance levels due to their strength. This will often occur at 
lower levels of displacement, which is counterintuitive to the ductility-based seismic 




• Natural time histories of other high seismicity zones with similar magnitude, distance and 
depth to source, fault mechanism, and site conditions cannot be used to represent strong 
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motion shaking at intra-plate regions such as the CEUS due to unique attenuation 
properties.  
• In absence of natural records, demand is represented by synthetically generated ground 
motion records developed to be representative of the NMSZ. Records account for 
uncertainties in the source, site, and path characteristics, along with the effect of 
nonlinear soil behavior in developing ground motion attenuation relationships. 
• Geotechnical characteristics are considered for two soil profiles of the Upper Mississippi 
Embayment, lowlands (soft soils) and uplands (competent rock).  
• The ground motions reflect magnitude, source to site distance, and site condition, the 
three major components that contribute to the level of damage experienced at a site. 
Therefore it can be concluded that these accelerograms provide the most accurate 
available representation of seismic hazard in the CEUS. 
• Scaling of ground motions is performed in increments of PGA due to the known fact that 
short period structures are sensitive to changes in PGA.  
• The use of response spectra that are specific to the earthquake records being applied are 
superior to the use of design spectra which are unable to account for these specific details 
of the demand. Response spectra reflect earthquake magnitude, source to site distance, 
and local soil site conditions, the same components contributing to site damage levels. 




• Building capacity and seismic demand representation in A-D format allows for the 
advanced CSM method to plot structural capacity and seismic demand together and 
iterate, locating performance points that represent structural response. 
• CSM is used to provide rapid assessment of the relationships between supply and 
demand.  
• Shortcomings in the ability of traditional CSM approaches are discussed, and an 
advanced CSM that incorporates inelastic dynamic analysis is shown to be superior and is 
thus selected for use in this study.  
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• The advanced CSM method allows for the use of SDOF systems accurately represented 
by bilinear relationships to avoid computationally expensive inelastic dynamic analysis of 
more complex MDOF systems. The method also eliminates error due to linear 
approximations and ensures convergence even under severe ground shaking. 
• Limitations to the proposed advanced method include inability to fully represent MDOF 
structures as SDOF systems, errors in accounting for irregularities, and failure to capture 
higher mode effects. With these issues addressed, the proposed version of the advanced 
CSM provides reliable and accurate results for determining the displacement demands 




• Prior to performing the probabilistic assessment of the structural response data, decisions 
are made on grouping the wide variety of building models present in the database. The 
methods and degree of classifications applied in presenting fragility relationships take 
into consideration two criteria, structural behavior and level of data available to the 
individual performing the loss estimation.  
• Nine sets of fragility curves are produced for both formats, one for each combination of 
building height class and seismic design category. Each set includes four damage 
threshold curves for each of the two soil site conditions considered in this thesis. 
• If specific studies or loss assessment software demand use of three limit states defined for 
fragility relationships in order to correlate to the socio-economic concerns of continued 
use, economic loss, and life loss prevention, then the extensive and complete damage 
limit states may be combined to represent the final limit state of life loss prevention. 
• Fragility curves were generated by integrating the improved analytical methodologies for 
assessing building capacity and representing seismic demand by performing structural 
assessment and probabilistic analysis. Curves have been smoothed using lognormal 






Conclusions on Simulation-Based Fragility Curves 
 
• Conventional fragility curves plot probability of exceedance against ground input motion 
in terms of PGA. More intense ground shaking is required for buildings of higher seismic 
design level to reach a specific limit state.  
• The collapse limit state follows very soon after the structure reaches the extensive 
damage limit state threshold for conventional curves. This behavior is an ideal 
representation of the brittle failure of URM buildings.  
• There is a noticeable decrease in the PGA input values required to bring the buildings of 
each respective seismic design category to the limit state thresholds, particularly in the 
case of extensive and complete damage levels. The level of ground motion input required 
to reach a threshold state, regardless of soil profile, decreases with increasing building 
height.  
• For each building height category and seismic design group for conventional curves, 
URM buildings are shown to be more vulnerable when located at sites with softer soil. 
• HAZUS-compatible curves compare the probability of exceedance against structural 
response. These curves appear counterintuitive because buildings of high seismic design 
level do not show less likelihood of achieving a damage limit state at a certain level of 
displacement response.  
• Fragilities in HAZUS-compatible format show that taller structures reach damage limit 
thresholds at higher spectral displacement values than shorter buildings with similar 
design characteristics due to accumulation of deformations. 
• It has been clearly displayed that the most critical responses of the structures, specifically 
the extensive damage and collapse states responsible for loss of life in seismic events, are 
strength dependent. Therefore, the behavior of URM buildings is most intuitively 
represented in the conventional format, where resistance of stronger ground motion is 
more likely to be achieved by a building that is designed with seismic considerations.  
• In comparing conventional format curves derived in this thesis to equivalent-PGA curves 
from HAZUS, strength parameters are shown to be similar, and much larger values of 
uncertainty are present for the HAZUS-based curves, as indicated by the lower slope of 
the fragility function.  
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• At high ground motion intensity, uncertainty leads to overconfidence of the performance 
of URM structures. Higher levels of estimated damage will be observed if fragility curves 
developed in this study were to be used when compared to HAZUS-defined fragilities. 
• Representing probability of exceedance for damage limit states according to structural 
response in HAZUS-compatible format will yield grossly different results in a similar 
comparison. The structural response needed to obtain the same probability of exceedance 
for important limit states such as extensive and complete damage are an order of 
magnitude higher for the HAZUS-based fragility functions. 
• It is shown that the fragility relationships developed in this thesis are of reasonable mean 
and uncertainty values. Uncertainty is lower than in all of the studies from literature used 
for comparison, due to the care taken in selecting the fragility curves. Similar results, and 
discrepancies with reasonable explanations, from these three studies further confirm that 
the fragility generation procedure of this thesis produces accurate levels of exceedance of 
damage limit states for URM buildings in the CEUS. 
• The strength of the methodology of this thesis, and distinction from any one individual 
study, is that the database is rigorously selected from a variety of sources with different 
analytical and experimental methodologies. This database is used to obtain capacity 
estimations that represent a variety of URM buildings specific to a particular region.  
 
The outcome of the work presented herein is a set of simulation-based fragility relationships for 
URM buildings that is more reliable than those generated by opinion-based methods. Owing to 
the rigorous models, limit state definitions and input motions used, the relationships are 
recommended for use in HAZUS and other impact assessment software packages for use in 
seismic loss assessment studies for regions within the CEUS. The framework proposed in this 
paper is amenable to rapid and efficient updating and expansion with additional pushover curves 
and ground motion records as necessary. The new fragility curves developed in this thesis are of 
interest to researchers, due to the new approach presented, and to risk modelers and managers, 
due to the increased reliability of impact assessments obtained from their use. The importance of 
the work presented in this study is emphasized by the brittle and severe failure modes of URM 
buildings and the high building stock population of URM structures present in many regions of 
the world, for which these advanced simulation-based fragility curves can be applied. 
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APPENDIX A  
 
A.1. CAPACITY OF BUILDINGS 
 
This appendix includes a more thorough treatment of the building capacity than could be 
discussed in the main body of the thesis. The building typology is described, and the sources 
which comprise the database are explained in full detail. This includes analytical and 
experimental techniques, which provide details on structural layout, properties, and testing 
methodologies implemented for specimens and models. Pushover curves, capacity diagrams, and 
the parameters used to make the conversion between the two formats are also provided for each 
source. 
 
A.1.1. Building Types 
 
A thorough description of all building types can be found in Chapter 5 of the HAZUS-MH 
Technical Manual (National Institute of Building Sciences, 2003). Provided below is a 
description of URM building type assumed for U.S. building stock: 
 
Unreinforced Masonry Bearing Walls (URM):  
These buildings include structural elements that vary depending on the building’s age and, to a 
lesser extent, its geographic location. In buildings built before 1900, the majority of floor and 
roof construction consists of wood sheathing supported by wood framing. In large multistory 
buildings, the floors are cast-in-place concrete supported by the unreinforced masonry walls 
and/or steel or concrete interior framing. In unreinforced masonry constructed after 1950 
(outside California) wood floors usually have plywood rather than board sheathing. In regions of 
lower seismicity, buildings of this type constructed more recently can include floor and roof 
framing that consists of metal deck and concrete fill supported by steel framing elements. The 
perimeter walls, and possibly some interior walls, are unreinforced masonry. The walls may or 
may not be anchored to the diaphragms. Ties between the walls and diaphragms are more 
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common for the bearing walls than for walls that are parallel to the floor framing. Roof ties 
usually are less common and more erratically spaced than those at the floor levels. Interior 
partitions that interconnect the floors and roof can reduce diaphragm displacements. 
 
A.1.2. URM Structure Database 
 
The database that has been built from the extensive literature survey on pushover analysis of 
masonry buildings is comprised of nearly 50 buildings from six unique sources. Pushover curves 
were derived from finite element analysis, experimental pushover procedures, and extracted from 
the backbone curve of experimental cyclic tests. A detailed description of the methods of testing 
and modeling performed by each of the sources, along with a summary of the findings and 
appropriate adaptation for use in this database is provided below. 
 
A.1.2.1. RISK-UE Vulnerability Assessment Project 
 
The study for which this data was originally generated was the result of pushover analysis as a 
part of a hybrid approach to seismic vulnerability developed by Kappos et al. (2006)  in 
recognition that reliable statistical data for damages due to seismic loading are limited and do not 
represent a wide spectrum of earthquake intensities. Pushover analysis is presented as an 
effective alternative to the empirical approach involving statistical data and inelastic time history 
analysis. Pushover analysis does not necessitate time-history analysis, hysteretic models, or 
appropriate selection of quantity and quality of different types of ground input motions. It is a 
viable procedure for assessing a structure for which time-history analysis would be cumbersome, 
such as URM buildings for which a spatial 3D model would be otherwise necessary.   
The group investigated a number of alternative models for elastic and inelastic masonry 
buildings subjected to horizontal loading and compared the results with experimental evidence 
available from Dolce et al. (2005).  It was determined that the model used would be based on 
equivalent frame discretization and plastic hinges in the critical regions of the piers and 
spandrels.  The hinges were modeled as nonlinear rotational springs with constitutive laws 
defined by the moment-rotation curve of each element to account for both flexure and shear 
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(Penelis 2000).  It was deemed that this model would be the best choice for the anticipated in-
plane damage and failure modes. 
 
In the development of the inelastic moment-rotation curves due to flexure, the following 
additional assumptions were made: 
 
•  Zero masonry tensile strength 
•  Parabolic distribution of compression stresses 
• Bernoulli compatibility (plane sections remain plane) up to failure 
• Compressive deformation at failure at 2%oε = −  
• Uniform compressive strength of masonry ( mf )  is defined by strength of bricks and 
mortar 
• Modulus of elasticity 550m mE f=  
 
The nonlinear shear behavior has been modeled using a Mohr–Coulomb failure criterion for the 
definition of shear strength and a statistical analysis of experimental results for defining shear 
deformations (Penelis 2000). The aforementioned methodology has been incorporated in a pre-
processor of the commercial software package SAP2000-Inelastic (Computers & Structures 
2002), which allows the pushover analysis of URM buildings. (Kappos et al. 2006). As a result, 
the cornerstone of the assessment portion of the hybrid methodology was the development of a 
representative pushover curve for each of the building classes.  Static nonlinear analysis of 
thirty-six (36) one to three story URM buildings was performed in Penelis et al. (2002). 
The adopted models analyzed in this study were of URM buildings following the layout shown 
in Figure A.1 and used for one to three story URM buildings with profiles as displayed in Figure 
A.2. This layout corresponds to a typical residential building designed at the threshold of the 










Figure A.2 East View Elevation of the Buildings Analyzed. 
 
Floor loading distribution was defined in terms of factored loading distributed to specified 
spandrels in the fashion demonstrated in Figure A.3. These patterns of loading vary according to 
differences in building plan, and all buildings have loading protocol based on residential 




Figure A.3 Floor Loading Distribution Areas 
 
Models in SAP were loaded as shown in Figure A.4, with gravity loads distributed as shown. 
The loads are applied as linear loads on spandrels resulting from the influence areas. The roof 
load was taken to be the same as the floor loads. The wall geometry is different for each model, 






Figure A.4 SAP Model with Piers in x-Direction Shown 
 
According to the European Building Typology matrix, many of these buildings fall into the 
category of M3.4 (brick masonry buildings with reinforced concrete floor-slabs), which are by 
far the most common type of URM building in cities of this region of Europe (Penelis et al. 
2002). In URM buildings located in the U.S., concrete fill supported by steel framing elements 
also became popular for floor framing in URM buildings constructed after 1950 in regions of 
low seismicity (National Institute of Building Sciences, 2003). Thus, the application of this set of 
buildings are of significant relevance and are applied to this study. 
 
Two different material properties were used for all building types: 
 
Material A: 1.5wmf MPa=  
Material B: 3.0wmf MPa=  







Typical configurations were modeled with variation to the following parameters with the given 
naming notation of the form A1LLX with each character holding the following meaning: 
 
• Materials of low and high quality (A-weak/ B-strong) 
• Number of stories (1-3) 
• Dimension of piers (L-large/S-small) 
• Dimension of spandrels (L-large/S-small) 
• Direction of excitation (X/Y) 
A full list of the buildings analyzed in this study is provided below in Table A.1.Attributes of all 
buildings tested are provided, with the parameters defined and notation given as in the original 
study.  It should be noted that small horizontal openings indicate large piers, while large 
horizontal openings correspond with the definition of small piers. Finally, no data was available 
for building typology A2SSY, so indices 1-35 of the database are comprised of buildings from 
this study. A similar table with all of the buildings from the RISK-UE project arranged in the 



















Table A.1 Attributes of all buildings tested 
1.) Stories: 1 A1SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
2.)  Stories: 2 A2SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
3.)  Stories: 3 A3SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
4.)  Stories: 1 A1SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
5.)  Stories: 2 A2SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
6.)  Stories: 3 A3SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
7.)  Stories: 1 A1LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
8.) Stories: 2 A2LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
9.) Stories: 3 A3LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
10.) Stories: 1 A1LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
11.) Stories: 2 A2LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
12.) Stories: 3 A3LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
13.) Stories: 1 A1LSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
14.) Stories: 2          (Not Used) 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
15.) Stories: 3 A3LSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
16.) Stories: 1 A1LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: small 
17.) Stories: 2 A2LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: small 
18.) Stories: 3 A3LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 






Table A.1 (cont.) 
19.) Stories: 1 B1SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
20.) Stories: 2 B2SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
21.) Stories: 3 B3SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
22.) Stories: 1 B1SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
23.) Stories: 2 B2SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
24.) Stories: 3 B3SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
25.) Stories: 1 B1LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
26.) Stories: 2 B2LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
27.) Stories: 3 B3LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
28.) Stories: 1 B1LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
29.) Stories: 2 B2LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
30.) Stories: 3 B3LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
31.) Stories: 1 B1LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
32.) Stories: 2 B2LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
33.) Stories: 3 B3LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
34.) Stories: 1 B1LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 
 Horizontal opening: small 
35.) Stories: 2 B2LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 
 Horizontal opening: small 
36.) Stories: 3 B3LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 






Table A.2 Building typologies ordered as they appear in the database 
1.) Stories: 1 A1LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
2.)  Stories: 1 A1LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: small 
3.)  Stories: 1 A1LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
4.)  Stories: 1 A1LSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
5.)  Stories: 1 A1SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
6.)  Stories: 1 A1SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
7.)  Stories: 1 B1LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
8.) Stories: 1 B1LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 
 Horizontal opening: small 
9.) Stories: 1 B1LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
10.) Stories: 1 B1LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
11.) Stories: 1 B1SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
12.) Stories: 1 B1SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
13.) Stories: 2 A2LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
14.) Stories: 2 A2LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: small 
15.) Stories: 2 A2LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
16.) Stories: 2 A2SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
17.) Stories: 2 A2SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
18.) Stories: 2 B2LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 






Table A.2 (cont.) 
19.) Stories: 2 B2LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 
 Horizontal opening: small 
20.) Stories: 2 B2LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
21.) Stories: 2 B2LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
22.) Stories: 2 B2SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
23.) Stories: 2 B2SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
24.) Stories: 3 A3LLX 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
25.) Stories: 3 A3LLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: small 
26.) Stories: 3 A3LSX 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
27.) Stories: 3 A3LSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
28.) Stories: 3 A3SLY 
 Material: A 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
29.) Stories: 3 A3SSY 
 Material: A 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: large 
30.) Stories: 3 B3LLX 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: x 
 Horizontal opening: small 
31.) Stories: 3 B3LLY 
 Material: B 
 Spandrel depth: 0.9m 
 Direction: y 
 Horizontal opening: small 
32.) Stories: 3 B3LSX 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: x 
 Horizontal opening: small 
33.) Stories: 3 B3LSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 
 Horizontal opening: small 
34.) Stories: 3 B3SLY 
 Material: B 
 Spandrel depth: 0.8m 
 Direction: y 
 Horizontal opening: large 
35.) Stories: 3 B3SSY 
 Material: B 
 Spandrel depth: 0.4m 
 Direction: y 






















































Figure A.6 Pushover Curves for 2-Story Structures 
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Figure A.8 Normalized Pushover Curves for 1 Story Buildings 
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Figure A.10 Normalized Pushover Curves for 3 Story Buildings 
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Similar structural characteristics were observed for buildings that exhibited consistently high or 
low base shear values.  Building characteristics that led to particular levels of seismic resistance, 
regardless of height, were observed to generally have the following properties in regards to 
material, dimensions of piers and spandrels, and direction that load is applied: 
 
• Large Piers, regardless of Large or Small Spandrels, perform exceptionally well in both 
orientations and for both sets of material properties (A and B). 
• Y-orientation and stronger material B generally offer slightly more resistance. 
• Small piers SLY and SSY for material B offer the lowest seismic resistance. 
• Small piers with material A and X-orientation would have likely been the weakest 
structural systems, but a test involving this combination of properties was not performed. 
Full description of heights and masses of all buildings from this source, along with the 
development of parameters for use in conversion to capacity diagrams in acceleration-
displacement format, are provided in the following tables. 
 
 
Table A.3 Building Typology A1LLX (Index 1). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1993 1 1993 1993






Table A.4 A1LLY (Index 2). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2320 1 2320 2320









Table A.5 A1LSX (Index 3). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1991 1 1991 1991







Table A.6 A1LSY (Index 4). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2381 1 2381 2381







Table A.7 A1SLY (Index 5). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2118 1 2118 2118







Table A.8 A1SSY (Index 6). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1998 1 1998 1998








Table A.9 B1LLX (Index 7). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1993 1 1993 1993







Table A.10 B1LLY (Index 8). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2320 1 2320 2320







Table A.11 B1LSX (Index 9). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1977 1 1977 1977







Table A.12 B1LSY (Index 10). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2381 1 2381 2381








Table A.13 B1SLY (Index 11). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2118 1 2118 2118







Table A.14 B1SSY (Index 12). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 1998 1 1998 1998







Table A.15 A2LLX (Index 13). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2097 0.333 1048.5 524.25
2 6 2097 0.667 2097 2097







Table A.16 A2LLY (Index 14). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2426 0.333 1213 606.5
2 6 2426 0.667 2426 2426








Table A.17 A2LSX (Index 15). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2051 0.333 1025.5 512.75
2 6 2051 0.667 2051 2051








Table A.18 A2SLY (Index 16). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2202 0.333 1101 550.5
2 6 2202 0.667 2202 2202








Table A.19 A2SSY (Index 17). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2120 0.333 1060 530
2 6 2120 0.667 2120 2120












Table A.20 B2LLX (Index 18). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2097 0.333 1048.5 524.25
2 6 2097 0.667 2097 2097








Table A.21 B2LLY (Index 19). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2426 0.333 1213 606.5
2 6 2426 0.667 2426 2426








Table A.22 B2LSX (Index 20). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2051 0.333 1025.5 512.75
2 6 2051 0.667 2051 2051












Table A.23 B2LSY (Index 21). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2299 0.333 1149.5 574.75
2 6 2299 0.667 2299 2299








Table A.24 B2SLY (Index 22). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2202 0.333 1101 550.5
2 6 2202 0.667 2202 2202








Table A.25 B2SSY (Index 23). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2120 0.333 1060 530
2 6 2120 0.667 2120 2120












Table A.26 A3LLX (Index 24). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2127 0.167 709 236
2 6 2127 0.333 1418 945
3 9 2127 0.5 2127 2127








Table A.27 A3LLY (Index 25). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2462 0.167 821 274
2 6 2462 0.333 1641 1094
3 9 2462 0.5 2462 2462








Table A.28 A3LSX (Index 26). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2072 0.167 691 230
2 6 2072 0.333 1381 921
3 9 2072 0.5 2072 2072











Table A.29 A3LSY (Index 27). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2325 0.167 775 258
2 6 2325 0.333 1550 1033
3 9 2325 0.5 2325 2325








Table A.30 A3SLY (Index 28). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2230 0.167 743 248
2 6 2230 0.333 1487 991
3 9 2230 0.5 2230 2230








Table A.31 A3SSY (Index 29). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2136 0.167 712 237
2 6 2136 0.333 1424 949
3 9 2136 0.5 2136 2136











Table A.32 B3LLX (Index 30). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2127 0.167 709 236
2 6 2127 0.333 1418 945
3 9 2127 0.5 2127 2127








Table A.33 B3LLY (Index 31). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2462 0.167 821 274
2 6 2462 0.333 1641 1094
3 9 2462 0.5 2462 2462








Table A.34 B3LSX (Index 32). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2072 0.167 691 230
2 6 2072 0.333 1381 921
3 9 2072 0.5 2072 2072










Table A.35 B3LSY (Index 33). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2325 0.167 775 258
2 6 2325 0.333 1550 1033
3 9 2325 0.5 2325 2325







Table A.36 B3SLY (Index 34). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2230 0.167 743 248
2 6 2230 0.333 1487 991
3 9 2230 0.5 2230 2230







Table A.37 B3SSY (Index 35). 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 2136 0.167 712 237
2 6 2136 0.333 1424 949
3 9 2136 0.5 2136 2136







Using these parameters developed in the above tables, pushover curves are converted into 
























































































































































Figure A.17 Capacity Diagrams with Limit Points for 3-Story Buildings 
 
 
A.1.2.2. Comparative Inelastic Pushover Analysis of Masonry Frames 
 
The two structures analyzed by Salonikios et al. (2003) are a one-bay and a seven-bay model, 
two-stories each, with details shown in Figure A.18.  The models were constructed to be typical 
of URM buildings in Southern Europe, but for the analysis performed in this study, the seven-
bay model was neglected due to being unrepresentative of the type and scale of URM collective-
use buildings in the U.S. This was later confirmed by comparison of the results to those known 
to be representative of URM buildings located in the CEUS. Thus, the two-story one-bay URM 
building structure is analyzed and used in the database for fragility derivation. 
 
It was shown that the seven-bay model was excessively more ductile, to the extent that it did not 
well represent other buildings of its aspect ratio. As a result, the seven-bay model was not 
included as part of the database used in this study. Pushover curves were performed by SAP2000 
and CAST3M software programs using three different sets of lateral loading distributions, with 





Figure A.18 Elevation View of Two Models 
 
 




Figure A.20 Pushover Curves for 7-Bay Frame 
 
 
Full description of heights and masses of the one-bay structure used in the database, along with 
the development of parameters for use in conversion to the capacity diagram in acceleration-
displacement format, is provided in Table A.38. 
 
 
Table A.38 URM2S - One-Bay (Index 36) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3.5 476.6 0.450 390.0 319.2
2 7 291.2 0.550 291.2 291.2







Using these parameters developed in the above table, the pushover curve is converted into a 
capacity diagram in acceleration-displacement format, as shown in Figure A.21. 
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A.1.2.3. Full Scale Seismic Testing of 2-Story URM Building 
 
A two-story full scale brick building was tested in cyclic quasi-static loading (Magenes et al., 
1995). The materials used to build the prototype structure were chosen to represent masonry 
buildings typical to old urban construction in Italy. Solid fired-clay bricks with hydraulic lime 
and sand mortar were used. Detailed material testing and properties can be found in Binda et al. 
(1994).  
The two story structure has a total height of 6.435 meters. The floors are a series of isolated steel 
beams designed to simulate a flexible diaphragm. The transverse out-of-plane walls A and C are 
without perforations. Wall D is disconnected from these transverse walls while wall B is 
connected through an interlocking brick pattern. The detailed geometry of the structure and 










Figure A.24 Building Configuration with Horizontal Loading Shown 
 
Vertical and horizontal loads are applied through the floor beams while concrete blocks are used 
to simulate gravity loads. The applied vertical loads are 248.4 kN at the first story and 236.8 kN 
at the second story. The orientation of the two parallel walls with openings can be seen in Figure 
A.24, along with the location of the four concentrated loads applied to the two longitudinal walls 
at the floor levels. The results are developed from seven runs of increasing displacement cycles 





Figure A.25 Displacement Loading Protocol for Cyclic Quasi-Static Test 
 
 
The results of the cyclic test are shown in Figure A.26 and Figure A.28. The backbone curves 
digitized from these tests are in the format of a pushover curve, and are shown in Figure A.27 
and Figure A.29.  The overall response of the structure is then summarized using plots of base 
shear versus top displacement, which is then converted to acceleration-displacement format as 




































































Figure A.29 Hysteresis with Digitized Backbone Curve for Window Wall of Structure 
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Full description of heights and masses of the two walls from this source, along with the 
development of parameters for use in conversion to capacity diagrams in acceleration-
displacement format, are provided in Table A.39 and Table A.40. 
 
 
Table A.39 URM2KM - Door Wall (Index 39) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 291.3 0.353 158.8 86.6
2 6.4 250.5 0.647 250.5 250.5







Table A.40 URM2KM - Window Wall (Index 40) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 3 281 0.348 150.3 80.4
2 6.4 246.3 0.652 246.3 246.3







Using these parameters developed in the above tables, pushover curves are converted into 



















Figure A.30 Capacity Diagrams Resulting from Full Scale Cyclic Testing 
 
 
A.1.2.4. Dynamic Response of Masonry Structures 
 
Two reduced-scale test structures were constructed and subjected to an array of simulated 
earthquake motions on the earthquake simulator shown in Figure A.31 (Costley and Abrams, 
1995). Each of the two test structures are roughly three-eighths scale clay masonry units 
representative of the final full scale test that was to be later performed in Pavia, Italy as a part of 
the experimental program described in the previous section. The two structures were tested under 
a variety of loading simulations to work toward developing code requirements, assessing the 
accuracy of various computational methods, and developing nonlinear dynamic models for 





Figure A.31 Photo of S1 Test Structure on Earthquake Simulator 
 
 
Overall wall orientation and plan view of the two test structures are shown in Figure A.32 and 
Figure A.33 respectively. The first floor height is 42.7’’ with a cumulative height of 85’’ for 
each structure. The first test structure, S1, has similar lateral stiffness and strength in the two 
parallel shear walls. The second test structure, S2, has varied size and placement of perforations 
to achieve dissimilar strength and stiffness for the two parallel wall elements. This is done in 
order to examine possible torsional effects and load sharing. Dimensions and details of the 
structures are provided in Figure A.34-Figure A.37. The stiffness and mass of the diaphragms 
were selected to have a period in the horizontal plane approximately three times larger than the 
shear wall system. The shear walls were designed to reach the capacities of the pier components 





























Figure A.37 Elevation and Plan View for S2 Window Wall 
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The behavior of both test structures was governed by rocking of base-story piers. Because 
rocking capacity was less than bed-joint sliding or diagonal tension capacity, no shear cracks 
developed in the piers. Final cracking patterns are shown in Figure A.38-Figure A.41.  Due to 
this failure mode, shear forces required for rocking failure were able to be scaled back up to 
account for the testing being performed at three-eighths scale. This allowed for the capacity of 
the structures to be representative of full-scale structures and overall base-shear versus drift 






















An example of one of the test runs performed on the earthquake simulator is shown in Figure 
A.42. Twenty-four of these tests runs were performed, gathering data to contribute to the 
development of nonlinear dynamic analysis models capable of predicting large-amplitude 
displacements for URM structures. This culminated in the window wall and door wall being 
tested analytically using these models for in-plane pushover analysis. These pushover analyses 
shown in Figure A.43 and Figure A.44 are based in the culmination of results from the twenty-
four dynamic tests.  In the use of the curves for this database, the portions of the curve following 
the force drop-off were classified as failure and the curve was cut off at this point before 
converting the pushover curves to the capacity diagrams shown in Figure A.45. A comparison 
between scaled values from this study and the values from the full scale experiment performed in 
Pavia, Italy are displayed in Figure A.46 in capacity curve format. It can be noted that although 
the behavior does not correlate exactly, the ultimate strength and deformation capacities are 
within reasonable proximity to each other given that the testing was performed at different scales 















Figure A.44 Pushover Curve for S2 
 
Full description of heights and masses of the two walls from this source, along with the 
development of parameters for use in conversion to capacity diagrams in acceleration-
displacement format, are provided in the following tables. 
 
Table A.41 URM2CA - S1 Door Wall (Index 37) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.09 104.9 0.368 61.0 35.5
2 2.18 90.2 0.632 90.2 90.2






Table A.42 URM2CA - S2 Window Wall (Index 38) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.09 101.2 0.370 59.4 34.9
2 2.18 86.2 0.630 86.2 86.2








Using these parameters developed in the above tables, pushover curves are converted into 
capacity diagrams in acceleration-displacement format, as shown in Figure A.45. 
 
 


































Figure A.46 Comparison of Full Scale Backbone Curve to Scaled-up Pushover Curves from Small Scale Tests 
 
 
A.1.2.5. Cyclic Load Testing of Masonry Walls 
 
Three brick masonry walls tested in reverse quasi-static loading to investigate the in-plane lateral 
strength and behavior of URM walls (Abrams and Shah, 1992). Cyclic behavior was represented 
by monotonically increasing forces. The parameters varied in the test were the length to height 
aspect ratio and level of vertical compressive stress. Each wall was a height of 5’4’’ with aspect 
ratios of 2.0, 1.5, and 1.0 for wall 1, wall 2, and wall 3 respectively. These walls are shown in 
Figure A.47. Vertical stresses were 75psi for wall 1, and 50 psi for walls 2 and 3. Test setup used 
for the experiment is shown in Figure A.48. 
Wall specimens were newly constructed using reclaimed brick and mortar representative of older 
masonry construction in the United States. Laboratory experiments are compared and correlated 










Figure A.48 Test Setup and Configuration of Applied Loading 
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In this study, the behavior of the URM walls and piers were found to be dominated by flexure, 
shear, or a combination of these two failure modes. The heights of the test wall structures were 
such that in order to appropriately quantify lateral resistance capacity for the purpose of 
calculating fragilities, only the data from walls exhibiting flexural dominant behavior can be 
used in order to scale the data to a height representative of a one story URM structure. The base 
shear value is multiplied by the ratio of desired height to the height of the experimental specimen 
in order to obtain base shear values representative of lateral capacity of a one story URM 
structure in the inventory. Walls that failed in pure shear or sliding shear failure cannot be 
appropriately scaled using this method, and must therefore be neglected.  
 
Wall 1, which has a width to height ratio of 2.0, was not included in the database for this reason, 
since it failed in pure shear. Walls 2 and 3 had ratios of 1.5 and 1.0 respectively. Wall 3 failed in 
pure flexure, while Wall 2 failed in a combined mode. This combined mode was determined to 
have been dominated by flexure, as it cracked first in flexure, and did not develop a diagonal 
shear crack until the last half cycle of the test. The ultimate limit state was toe crushing failure, 
which is indicative of flexural failure. The failure modes and cracking patterns used to justify 
these decisions can be observed in Figure A.49. 
 
 




The cyclic behavior observed in the tests is displayed in Figure A.50-Figure A.52. The backbone 
curve was digitized in the format of a pushover curve. This form of representing the response of 
the structure is also shown in Figure A.53, where horizontal load applied to the wall is plotted 



















Figure A.53 Force-Deflection Behavior of the First Quarter Cycle for Each Wall 
 
 
Full description of heights and masses of the two walls used from this source, along with the 
development of parameters for use in conversion to capacity diagrams in acceleration-





Table A.43 URM1AS - W2 (Index 41) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.8288 207.1 1 207.1 207.1








Table A.44 URM1AS - W3 (Index 42) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.8288 138.4 1 138.4 138.4








Using the parameters developed in the above tables and scaling according to height, the 
backbone curves of the cyclic response data were converted to acceleration-displacement format 























Figure A.54 Capacity Diagrams Generated 
 
 
A.1.2.6. NDT Confirmation Testing of Extracted Walls 
 
A set of full scale tests were performed by Epperson and Abrams (1989) to examine and validate 
several NDE methods applied to URM walls.  Pushover analysis was performed through 
monotonic loading of the 5 walls. The test walls were extracted from a building that was 
constructed in 1917 on the campus of the University of Illinois and transported to the 
neighboring structural engineering laboratory.  A photo of the building of origin for the wall 
specimens is shown in Figure A.55. The height of each of the walls was 72’’ with length and 
widths varying from specimen to specimen and also across the length of several of the walls as 














Figure A.57 Width Dimension Details of Wall Specimens Tested 
 
 
The walls were subjected to vertical compressive stress and lateral shear. Pushover curves were 
extracted from data that correlated top displacement with shear stress resisted. Dimensions of the 
cross sections of each wall are known, as are corresponding vertical and horizontal stresses from 
the experiments. Vertical stresses vary from 76-143 psi. Horizontal stresses are plotted against 
top displacement in Figure A.58.  These stresses are converted to the known corresponding loads 
from the given geometry. The resulting force-displacement relationships, similar to those 














The heights of the wall structures tested are such that in order to appropriately quantify lateral 
resistance capacity for the purpose of calculating fragilities, only the data from walls exhibiting 
flexural dominant behavior can be used to properly scale response data to a height representative 
of a one story URM structure in the building inventory. The base shear value is multiplied by the 
ratio of desired height to the height of the experimental wall specimen in order to obtain the base 
shear value representative of lateral capacity of a full height one-story URM structure. Flexural 
cracking was the first failure to develop, at around 60% of the ultimate load. At this point there 
was a reduction of stiffness and force redistribution leading to toe crushing failure. Although 
some shear cracking occurs, it is noted by the author that flexural cracking may have precipitated 
the shear failure sequence. Thus, all of the five walls from this experiment were employed in the 
database for fragility generation. Cracking patterns observed in each of the wall specimens are 

































Full description of heights and masses of the five walls used from this source, along with the 
development of parameters for use in conversion to capacity diagrams in acceleration-
displacement format, are provided in the following tables. 
 
 
Table A.45 URM1EA - E1 (Index 43) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.83 888.9 1 888.9 888.9







Table A.46 URM1EA - E3 (Index 44) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.83 1189.5 1 1189.5 1189.5







Table A.47 URM1EA - E5 (Index 45) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.83 781.9 1 781.9 781.9








Table A.48 URM1EA - E6 (Index 46) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.83 733.6 1 733.6 733.6







Table A.49 URM1EA - E7 (Index 47) 
Story Number Story Height from Ground (m) Story Weight (kN) φi wiφi wiφi2
Base 0 0 0 0 0
1 1.83 897.7 1 897.7 897.7







Using the parameters developed in the above tables and scaling according to height, the pushover 
curve data is converted to capacity diagrams in acceleration-displacement format, which are 


























A.1.3. Full Set of URM Capacity Diagrams 
 
Graphical representation of the full database of curves developed in this thesis is provided in this 
section. Curves for one, two, and three story URM buildings are provided in Figure A.66, Figure 
A.67, and Figure A.68 respectively, with limit state points selected. Finally, a plot of capacity 
diagrams for the entire database is displayed in Figure A.69. The relative regions of differing 











































































Figure A.69 Capacity Diagrams with Limit Points for all URM Buildings in Database 
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A.2. HAZUS LIMIT STATES 
 
In HAZUS, the four structural damage limit states are defined using the relationships for yield 
and ultimate point as defined by Park (1988).  The slight, moderate, extensive, and complete 
limit states threshold values are obtained from first yield, yield point by equal areas method, 
peak of load-displacement relationship, and a reduced post-peak load capacity, respectively.  
 
   
Figure A.70 Yield Point Definitions by Park (1988) for Determining Structural Damage States for Slight (left) and 




   
Figure A.71 Ultimate Point Definitions by Park (1988) for Determining Structural Damage States for Extensive 
(left) and Complete (right) Damage States 
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A.3. SEISMIC DESIGN GROUPS 
 
It has been shown that the methodology for seismic design classification used in HAZUS is more 
suitable for non-brittle structures that are not composed of acceleration-sensitive elements. It is 
also evident that there is little distinction made in the pre-defined parameters used to define these 
seismic design levels of URM buildings based on structural capacities.  Therefore, this study 
classifies URM buildings in relation to the performance of other URM buildings, rather than to 
different categories of structures. The methods used for seismic design group classification both 
in HAZUS and in this study are described in the following sections. 
 
A.3.1. HAZUS Seismic Design Groups   
 
The building capacity curves of HAZUS are constructed based on estimates of engineering 
properties that affect the design, yield, and ultimate capacities of each model building type. 
These properties were shown graphically in Figure 3.6 and defined by the following parameters 
reproduced here as given in HAZUS-MH.  Tables 5.4 and 5.6 of the HAZUS-MH MR3 
Technical Manual (National Institute of Building Sciences, 2003) are reproduced in Table A.50 
and Table A.51 below. 
 
- Cs, the design strength coefficient (fraction of building’s weight),  
- Te, the true “elastic” fundamental-mode period of building (seconds),  
- α1, the fraction of building weight effective in push-over mode,  
- α2, the fraction of building height at location of push-over mode displacement,  
- γ, the “overstrength” factor relating “true” yield strength to design strength,  
- λ, the “overstrength” factor relating ultimate strength to yield strength, and  
- μ, the “ductility” factor relating ultimate displacement to λ times the yield 













A.3.2. Newly Developed Seismic Design Group Classification 
 
The seismic design categories in this study are defined according to their strength capacities, as 
is appropriate for brittle acceleration-sensitive buildings.  A simple method is used to estimate 
periods of structures present in the database, which are mapped onto a response spectra to get 
force demand.  This force demand is then divided into the force supply, which is calculated as a 
scaled value of the normalized base shear resisted by structures in the database. This ratio 
provides a coefficient used to separate the buildings from each height category of the database 
into the three defined seismic design levels of low-code, medium-code, and high-code. The 
sources and data used to perform these operations explained in Section 3.7.2 are listed below. 
 
 





























The response spectra shown in Figure A.72 is defined by the following two relationships: 
 




When  0.400  a aT S K S> =  (A.2) 
 
The constants developed for these relationships are as follows, where β  indicates the value for 
percentage of critical damping, which is taken as 5% in this study. 
 
 1 Factor Shown in Table for 0 0.400K T= ≤ ≤  (A.3) 
 
 2 1.466 0.2895 ln( )K β= −  (A.4) 
 
 3 2log(2.5 )K K= ∗  (A.5) 
 
The range of periods up to 4 seconds are provided in the table below, along with the K1 value 





























Table A.52 Period and Spectral Acceleration Table to Construct Standard Response Spectra 
 
T (sec) f (Hz) Sa (5%) (g) K1
0.002 500.00 1.000 0.00000
0.005 200.00 1.000 0.00000
0.008 125.00 1.000 0.00000
0.010 100.00 1.000 0.00000
0.020 50.00 1.264 0.25596
0.040 25.00 1.599 0.51192
0.060 16.67 1.834 0.66164
0.080 12.50 2.021 0.76787
0.100 10.00 2.180 0.85028
0.120 8.33 2.436 0.97160
0.150 6.67 2.500 1.00000
0.200 5.00 2.500 1.00000
0.250 4.00 2.500 1.00000
0.300 3.33 2.500 1.00000
0.350 2.86 2.500 1.00000

























In order to estimate force resistance, the formulation for design elastic response acceleration at 
short periods, DSS , as given in section 1615.1.3 of the IBC is examined. Seismic Design 
Category is based on Seismic Use Group (I, II, III) and the design spectral response acceleration 
coefficients DSS  at short period as determined in 1615.1.3. Note that IBC seismic design 
categories E and F do not appear on the chart shown previously, because the cutoff for these 





Table A.53 Use of Design Spectral Response Acceleration Coefficient to Determine Seismic Design Categories 
 
I II III
SDS < 0.167g A A A
0.167g ≤ SDS < 0.33g B B C
0.33g ≤ SDS < 0.5g C C D





In this study, the relationship of the force supply, which is calculated as a scaled value of 
normalized base shear resisted by the structures included in the database, is compared to the 
force demand determined from the response spectra. This ratio provides a coefficient used to 
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APPENDIX C  
 
C.1. METHODOLOGY FOR STRUCTURAL ASSESSMENT 
 
In order to perform the capacity spectrum method, building response is characterized by capacity 
diagrams in AD format. These curves are based on results from the pushover displacement of the 
URM buildings as a function of the laterally-applied load. The capacity spectrum method can be 
used to estimate the peak building response by determining the intersection of the building 
capacity curve and the response spectrum, as shown using the example demand and PESH 
spectrum from the HAZUS-MH Technical Manual (National Institute of Building Sciences, 
2003) as shown in Figure C.1. 
 
 
Figure C.1 Example Building Capacity Curve and Demand Spectrum 
 
 
This figure illustrates the intersection of a typical building capacity diagram and a typical 
demand spectrum (reduced for effective damping greater than 5% of critical). Peak building 
responses are determined at the point of intersection of the capacity diagram and demand 
spectrum. These responses are the parameters used to define the fragility relationships and 
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estimate damage state probabilities.  The procedure for iterating to determine these displacement 
demands on the structure using the advanced CSM selected in this study are as follows: 
 
 i. A set of trial performance points are chosen along the capacity diagram 
ii. Similar to CSM in ATC-40 and CSM using equivalent elastic spectra with 
damping models, a bilinear representation based on the equal energy principle is 
developed for each of the trial performance points (Figure C.2 and C.3). 
iii. Peak responses of the bilinear SDOF systems are obtained using nonlinear time 
history analysis. Kinematic hardening behavior is assumed for hysteretic response 
(Figure C.4). 
iv. The intersection of the curve created by joining the points found in Step iii with 
the capacity diagram yields the displacement demand imposed on the structure. 
 
 




In order to perform this bilinear representation in step ii of the advanced CSM method, the 
following procedure is performed. The generic graphical representation of this procedure is 
shown in Figure C.2, while an example bilinear curve generated by Matlab code in the iterations 
of the structural assessment performed in this study is shown in Figure C.3. First of all, a point 
on which the bilinear representation is to be based must be selected, for example the circled point 
(  and u uD A ) on each of the diagrams. Then, the following two steps are followed in order to 
obtain the parameters used to form the bilinear curve, which are , ,  and y yD A α . The procedure 
is shown for using the equal energy principle on the plots in AD format. 
 
i.   Draw a line from the origin with the initial stiffness value of the building 
ii.   Draw a line from the trial performance point initially selected that intersects the 
first line such that the shaded areas shown in Figure C.2 are equal 
 
This point of intersection created by these two lines defines two of the remaining bilinear 
parameters  and y yD A .  The slope of the post-yield line, α , is the final parameter necessary for 

























Figure C.3 Example First Bilinear Representation Resulting from Matlab Code Iterations 
 
 




C.2. FRAGILITY GENERATION 
 
There are several steps involved in the generation of the final versions of each fragility curve 
function according to building height, seismic design level, and soil site classification. The 
structural response data obtained from the advanced CSM is plotted against GMI and then the 
data is analyzed statistically and plotted against either ground input motion in terms of PGA or 
spectral displacement structural response, depending on the format of curve being generated. 
This procedure results in a rough set of fragilities which are then smoothed using a lognormal 
distribution defined by the two parameters of mean and standard deviation. The plots used in the 
development of the final fragility curves presented in Chapter 7 are provided in the following 
two sections for conventional and HAZUS-compatible fragility generation. It should be noted 
that this set of data is without consideration of soil site classification, and applies to the overall 
probabilities for the entire region. 
 
C.2.1. Conventional Fragility Curve Development 
 
The distribution of structural response data under each scaling of PGA input are shown in the 
following figures. This plot includes the structural response of all buildings not driven far 
beyond the complete collapse range by the ground motion input, thus the reason for the 
decreasing data points present with increasing ground motion. Each of these sets of data is then 
immediately followed by a plot showing the probability of exceeding each limit state plotted for 
every level of ground motion.  These data points are fitted to a lognormal distribution with two 
parameters of mean and standard deviation to represent the uncertainty of the final conventional 
fragility curves. Each set of data begins with a plot for all buildings in a particular height 




























































Figure C.6 Probability of Limit State Exceedance for 1-Story URM Buildings at each Scaling of GMI 
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Figure C.8 Probability of Limit State Exceedance for 1-Story Low-Code URM Buildings at each Scaling of GMI 
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Figure C.10 Probability of Limit State Exceedance for 1-Story Med-Code URM Buildings at each Scaling of GMI 
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Figure C.14 Probability of Limit State Exceedance for 2-Story URM Buildings at each Scaling of GMI 
230 
 






















































Figure C.16 Probability of Limit State Exceedance for 2-Story Low-Code URM Buildings at each Scaling of GMI 
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Figure C.18 Probability of Limit State Exceedance for 2-Story Med-Code URM Buildings at each Scaling of GMI 
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Figure C.20 Probability of Limit State Exceedance for 1-Story High-Code URM Buildings at each Scaling of GMI 
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Figure C.22 Probability of Limit State Exceedance for 3-Story URM Buildings at each Scaling of GMI 
234 
 
























































Figure C.24 Probability of Limit State Exceedance for 3-Story Low-Code URM Buildings at each Scaling of GMI 
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Figure C.26 Probability of Limit State Exceedance for 3-Story Med-Code URM Buildings at each Scaling of GMI 
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Figure C.28 Probability of Limit State Exceedance for 3-Story High-Code URM Buildings at each Scaling of GMI 
237 
 
C.2.2. HAZUS Compatible Fragility Curve Development 
 
The HAZUS- compatible fragility curve development also begins with plotting the location of 
each data indicator along the vertical line of equivalent ground motion parameter. This plot 
includes the structural response of all buildings not driven far beyond the complete collapse 
range by the ground motion input, thus the reason for the decreasing data points present with 
increasing ground motion. 
 
The probability of exceeding each damage state is obtained by counting the number of data 
points with a spectral displacement value greater than a particular limit state threshold for an 
individual ground motion parameter and then dividing by the total number of data points.  It is 
possible to do this because the limit states are defined in terms of spectral displacement. This 
generates four probability values at every scaling of the GMI. These four probability values are 
placed at the given spectral displacement values on the probability vs. spectral displacement plot. 
Each plot of structural response vs. GMI is followed by the corresponding probability values for 
exceeding a threshold value given the displacement of the structure. 
 
These data points are fitted to a lognormal distribution with two parameters of mean and 
standard deviation to represent the uncertainty of the final HAZUS-compatible fragility curves. 
Each building height category begins with a set of plots for the entire category, followed by the 



































Figure C.30 Probability of Limit State Exceedance for 1-Story URM Buildings at each Displacement 
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Figure C.32 Probability of Limit State Exceedance for 1-Story Low-Code URM Buildings at each Displacement 
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Figure C.34 Probability of Limit State Exceedance for 1-Story Medium-Code URM Buildings at each Displacement 
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Figure C.38 Probability of Limit State Exceedance for 2-Story URM Buildings at each Displacement 
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Figure C.40 Probability of Limit State Exceedance for 2-Story Low-Code URM Buildings at each Displacement 
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Figure C.42 Probability of Limit State Exceedance for 2-Story Medium-Code URM Buildings at each Displacement 
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Figure C.44 Probability of Limit State Exceedance for 2-Story High-Code URM Buildings at each Displacement 
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Figure C.46 Probability of Limit State Exceedance for 3-Story URM Buildings at each Displacement 
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Figure C.48 Probability of Limit State Exceedance for 3-Story Low-Code URM Buildings at each Displacement 
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Figure C.50 Probability of Limit State Exceedance for 3-Story Medium-Code URM Buildings at each Displacement 
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APPENDIX D  
 
D.1. HAZUS-DEFINED CAPACITY DIAGRAMS AND LIMIT STATES 
 
The limit state threshold values provided for HAZUS-defined capacity diagrams are provided in 
this section. The tables are taken from HAZUS Technical Manual Chapter 5, Table 5.9a- 5.9d. 
They are calculated by multiplying the modal height values by the drift ratios. 
 









In this table, B.T. indicates building type; while S, M, E, and C are the limit state thresholds for 
slight, moderate, extensive, and complete damage states in terms of spectral displacement. Note 
that the URML and URMM building type categories do not have values recorded for the 
moderate and high code seismic design categories. 
 
D.2. HAZUS-DEFINED FRAGILITY PARAMETERS 
 
The following two sections provide the parameters for HAZUS-defined fragility relationships. 
These are provided for both Equivalent-PGA (conventional) and standard (HAZUS-compatible) 
formats, and are reproduced from HAZUS Technical Manual Chapter 5, Tables 5.16c-5.16d and 
5.9c-5.9d respectively. The parameters are provided for low-code and pre-code seismic design 
categories of HAZUS. Median values for conventional relationships are PGA in units of g, and 
HAZUS-compatible median values are spectral displacement values in inches. Beta values are 
the logstandard deviation for both forms of fragility curves. These are the tables from which the 




D.2.1. Conventional Fragility Relationships 
 























































Figure D.1 HAZUS-Defined Fragility Curves for URML Pre-Code Buildings in Conventional Format 
 
 












































Figure D.2 HAZUS-Defined Fragility Curves for URML Low-Code Buildings in Conventional Format 
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Figure D.3 HAZUS-Defined Fragility Curves for URMM Pre-Code Buildings in Conventional Format 
 
 











































Figure D.4 HAZUS-Defined Fragility Curves for URMM Low-Code Buildings in Conventional Format 
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D.2.2. HAZUS-Compatible Fragility Relationships 
 




































































































Figure D.6 HAZUS-Defined Fragility Curves for URML Low-Code Buildings in HAZUS Format 
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Figure D.7 HAZUS-Defined Fragility Curves for URMM Pre-Code Buildings in HAZUS Format 
 
 














































D.3. FRAGILITY CURVE PARAMETERS FROM OTHER SOURCES 
 
 
For each of the following three sources discussed in Section 7.4, the parameters used to generate 
the fragility curves are provided below. Median values are PGA in units of g, and Beta values are 
the logstandard deviation for both forms of fragility curves. These are the parameters from which 
the fragility relationships of Section 7.4 are drawn and compared to the fragility curves 
developed in this study. 
 
 
Table D.6 Parameters from Sources Selected for Comparison of Conventional Fragility Relationships 
 
Limit
State Median Beta Median Beta Median Beta
Slight 0.350 0.600 0.087 0.207 0.133 0.362
Moderate 0.430 0.600 0.182 0.226 0.194 0.273
Extensive 0.560 0.600 0.397 0.224 0.260 0.218
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